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FOREWORD 


This document constitutes the final report for the NASA contract 
NAS 3-12012, "Fundamental Study of Transpiration Cooling" 
initiated in July 1968 . The authors are indebted to A. Fortini, 
the NASA-Lewis technical manager, for assistance and technical 
advice essential to the successful completion of this contract. 
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ABSTRACT 


Isothermal and non* isothermal pressure drop data and heat transfer 
data generated on porous 304L stainless steel "Rigimesh", sintered 
spherical stainless steel powder, and sintered spherical OFHC copper 
powder are reported and correlated* Pressure drop data was collected 
over a temperature range from 500 ° R to 2000° R and heat transfer data 
collected over a heat flux range from 5 to 15 BTO/in 2 -sec . It was 
found that flow data could be correlated independently of transplrant 
temperature and type (i.e., Hg, N 2 ). Heat transfer data was correlated 
on the basis of Ifu/Pr 1 / 3 vs. Re. Also, it was found that no single 
relation between heat transfer coefficient and specimen porosity was 
obtainable • 
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SUMMARY 


The rational approach to the design of a transpiration cooled structure 
is dependent upon an understanding of fluid transport and heat 
transfer phenomena in porous metal materials. The research reported in 
this document was specifically designed to provide a fundamental 
understanding of these phenomena under conditions of high heat flux and 
large transpirant mass flow rates. 

The research program was divided into three separate hut interdependent 
efforts. First, the porous materials selected for this study were 
characterized in detail to yield a complete quantitative description 
of the internal microstructure. The materials selected were stainless 
steel "Rigimesh" wire fora, stainless steel sintered powder, and OFHC 
copper sintered powder. Samples of Rigimesh in 10^, 20^, and 40^ 
porosity were studied. The stainless and copper powders were 10^, 20}6 
and 30 ia porous. Three thicknesses (l/V r , 3/8", l/2") of each material 
type were evaluated. Also, a 1" thick piece of each material type and 
porosity level was tested to determine the thermal conductivity and 
electrical resistivity of the specimen. The characterization results 
and the thermal conductivity data and analysis are reported in 
references 1 , 2, 3 and reference 6 respectively. 

The second effort was a comprehensive test program undertaken to generate 
flow and heat transfer data on each of the three porous metal types as 
well as each porosity and thickness variation. Transpirant mass flow 
rate, temperature , temperature gradient and pressure drop data were 
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SUMMARY (Cont.) 

generated, for both isothermal and applied heat flux conditions* 

Test temperature levels varied from 500° R to 2000°R with applied 
heat flux levels as high as 15 BTU/in^-sec . The pressure range over 
which data was collected was from 15 psia to 2000 psia with differential 
pressures from 0 to 1000 psid . The transpirant was gaseous hydrogen 
for the major portion of the test program; however, nitrogen was used 
on same tests to evaluate the effects of a different test medium* 
Complete, tabulated, test data is reported in Appendix A and B of this 
document . 

Analysis and interpretation of the test data constitute the third 
major effort of this research program. Data is correlated on the 
basis of isothermal and non-isothermal pressure drop data and also on 
the basis of the heat transfer characteristics of the porous metals. 

The analytical effort and data interpretation constitute a large 
portion of the body of this document. The pressure drop correlations 
and the heat transfer correlations are presented separately in 
Sections 4.2.4 and 4.2.5 respectively. 
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1.0 


INTRODUCTION 


Historically, transpiration cooling has been of interest because of 
its capability to maintain the structural integrity of permanent 
surfaces exposed to a wide range of thermal environments. Logical 
application areas are: the throat region of solid propellant or 

regeneratively cooled rocket engines, high performance turbine 
blade cooling, and for the entire combustion chamber and nozzle 
regions of advanced technology liquid chemical and gas core nuclear 
rockets. In addition, transpiration cooling offers a unique solution 
to the problem of maintaining a fixed aerodynamic nose cone shape on 
a re-entry vehicle. 

Considerable analytical and experimental work has been done in the 
last twenty years in an effort to provide the requisite technology 
base to allow the design of "working" transpiration cooling systems. 
However, insufficient information exists regarding the heat transfer 
and transpirant pressure drop at the high heat flux levels for which 
transpiration cooling would logically be applied. Therefore, it has 
been the purpose of this research to study the fluid flow and heat 
transfer phenomena in porous metals to provide the detailed information 
required for the successful design of transpiration cooled systems. 

The research effort presented in this report is a combination of 
experimental and analytical work. Experimentally, data on thermal 
conductivity, electrical resistivity, pressure drop, and heat transfer 
in porous metals has been generated under conditions indicative of 
proposed transpiration cooled systems. The data in each of these test 
categories has boon analyzed and correlated In a form useful for design 
application. 
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The porous metals under study In this research include stainless steel 
"Rigimesh" wire forms, sintered stainless steel spherical powders, and 
sintered O.F.H.C. copper spherical powders. Bulk porosities of the 
porous metals ranged from 0.1 to 0.4 and thickness from l/4 M to l/2" 
for flow tests, with 1” specimens for conductivity measurements. The 
selected metals were characterized in detail to yield a comprehensive 
definition of the internal geometry and dimensions. Table 1 is a listing 
of the materials tested. A more detailed coverage is given in Section 2.1 
and in references 1, 2 and 3. 

Thermal conductivity and electrical resistivity of the porous metals 
were measured by Dynatech Corporation (references 2 and 6) and the 
results were correlated and reported in reference 7. 

Pressure drop and heat transfer characteristics of porous metals were 
measured and correlated. The facility and the method of measurements 
are described in Section 2. The data analyses and correlations are 
discussed in Section 4. Finally, in Section 5, conclusions drawn from 
this effort, and recommendations for additional work are presented. 
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2.0 EXPERIMENTAL APPARATUS AND TEST PROCEDURES 

The test conditions used in this program can be divided into two 
categories. These are: (l) tests conducted under isothermal conditions 

at temperature levels ranging fran ambient to 2000° R, and (2) heat 
transfer tests with incident radiant heat flux levels ranging from 5 to 
15 BTU/sec-in 2 (720 to 2160 BTU/sec-ft 2 ) . 

To satisfy the specialized requirements of the two test categories 
unique test equipment was developed. The resulting isothermal and 
heat transfer test facilities constitute two separate test set-ups 
with same common components. 

The porous test specimens, their mounting development, and actual test 
coupons are common to both test set-ups. The mounting techniques 
developed were different for the Rigimesh wire-form material and the 
sintered spherical powder metals. A description of these designs and 
the description of the two test facilities and their capabilities are 
outlined below. 

2.1.0 Specimen Description 

Three porous metal types were chosen for investigation in this program. 
They were (l) 304L stainless steel "Rigimesh" wire form, (2) 304L 
stainless powder form, and (3) OFHC (oxygen free high conductivity) 
copper powder form* These metals were produced to program specifics - * 
tlorxs end fully characterized prior to testing* The characterization 
determined the following physical parameters: general contaminate level* 

bulk porosity* degree of interconnected porosity* uniformity of micro- 
structure* mean hydraulic pore diameter, and chemical composition of 
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2*1.0 Cont. 

the parent wrought metal. The characterization data and the details 
of the experimental procedure are given in reference 1 for the Rigimesh 
material and in references 2 and 3 for the powders. 

2.1.1 Rigimesh Specimens 

A brief outline of the characterization data is given here. The 
Rigimesh metal was produced by the Pall Corporation, and Rigimesh is a 
trade name. The metal specifications were written to satisfy the program 
requirements, but do not constitute a major deviation from the standard 
Rigimesh specifications. The program required a wire form porous metal, 
having a uniform open porosity in three porosity levels (10, 20, and 40^) . 
Each porosity level was to be produced in four thicknesses (l/V, 3/8", 
l/2" and 1"). The original wire cloth was 2b x 110 mesh of a plain dutch 
weave with the warp wire at 0.010” diameter and the fill wire at 0.015” 
diameter. The materials were produced in squares 2 l/2" on a side in 
each porosity and thickness. In seme cases several squares were produced 
in a given porosity or thickness in order to obtain an "in tolerance” 
part. 

The characterization of these Rigimesh materials showed the following 
results: the degree of interconnected porosity for the 10)6, 20^, and 

bC/jh Rigimesh was 86.8^, 9^.2^ and 99 .2^ respectively. This is an 
average value based on three specimens in each porosity and is the 
result of mercury penetration measurements . The mean pore diameter 
for the 10 ^, 20 * 6 , and bOja material is approximately 20 yO , 65 yu , and 
100 /A respectively, where^ indicates linear distance in microns* 
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The l/4", 3/S"> and l/2" thick materials were used for fabricating flow 
test specimens while the 1" material was used for thermal conductivity 
measurements. The thermal conductivity determination was made on each 
of the three porosity levels and the results are detailed in references 
6 and 7. Briefly, it was determined that thermal conductivity of porous 
metals (including the spherical and non-spherical powders, foamed and 
felt metallic porous metal) can be computed from the information of 
solid metals conductivity or solid metals electrical resistivity. For 
sintered powder and Rigimesh, the dimensionless thermal conductivity is 
given by 


= 1 - jf where A. is the porous metal conductivity 

a. r+ iof 

' A 0 is the solid metal conductivity 

f is the porosity 

The reader is referred to reference 7 for more detailed explanation 
and for the electrical resistivity correlations. 

Figure 1 shows a typical Rigimesh specimen mounted for testing. The 
sample mount design shown in the figure is the result of an extensive 
design analysis. The design is an effort to satisfy the conflicting 
structural and heat transfer requirements imposed by the test objectives. 
The elevated temperature isothermal tests were conducted at 2000° R for the 
stainless parts and 1700°R for the copper specimens. The pressure drop 
across the porous specimen at the elevated temperature was a test 
variable, with a maximum value of 1000. psid. The coupling of high 
pressure drop and elevated temperature put rigid structural restraints 


5 



2.1.X 


Cont . 


on the specimen mount design. The structural requirements of the mount 
design are in opposition to the isothermal requirement. During both 
heat transfer and isothermal tests there exist conduction paths through 
the test hardware which allow heat transfer from the porous specimen to 
the surroundings. Such conduction heat losses cause temperature 
gradients in the specimen which disturbs the one -dimensionality of 
the temperature and flow field. The need to minimize conduction losses 
is apparent. 

The requisite structural strength and thermal isolation was achieved by 
the mount design shown in Figure 1. The mount is machined from a l/2’’ 
thick disk of 304L stainless steel, 2 l/2 M in diameter. The mount has 
a slightly tapered hole 3/4" in diameter located on the disk center 
line. The taq>er total angle is 3° • The Rlgimesh specimen is machined 
to a tapered cylinder to match the mount hole. The specimen/mount 
assemblies were then joined by electron beam welding. The weld yields a 
metal to metal fusion joint over the entire spec imen/mount interface. 
This method of joining the specimen and specimen holder gives a high 
strength assembly with minimum possibility of gas flow along the 
specimen/mount interface. The electron beam power settings and the 
specimen positioning parameters were determined with comparative ease 
by trial and error with dummy specimens. The electron beam weld on 
the Rigimesh specimens produced a drop-through "flash" on the underside 
of the specimen. The flash was removed down to the specimen surface 
by electric discharge machining with a 3/4" diameter graphite bar 
as the electrode. 


6 



2.1.1 Corrt. 

Thermal isolation of the test specimen is accomplished by interrupting 
the conduction path between the specimen and the support structure 
heat sink. The mount material is removed in a cylindrical configuration 
around the specimen. Only a thin flange and four stiffening webs remain 
in contact with the porous specimen. This Increased the effective 
thermal resistance between the porous specimen and the heat sink. 

After fabrication of the Rigimesh test assemblies the parts were 
cleaned by exposure to a hot trichlorethylene degreasing bath and 
subsequent "bake-out" in a "hard" vacuum. The parts were held at 
l800°F in the vacuum furnace for a period of 2 hours. 

2.1.2 Porous Powder Specimens 

The porous powder specimens were provided to Boeing as "government 
furnished material". The materials were produced by Nuclear Metals 
Division of Whittaker Corporation through NASA contract NAS 3-13309 • 
Complete details of the manufacture and characterization of the 
porous powders is given in references 2 and 3j a brief description is 
given here. 

The starting powders, OFHC copper, and 304L stainless steel were 
produced from bar stock meeting the chemical composition requirements 
of ASM B-133 &n.d Mil-S-4o43 respectively. The patented "rotating bar" 
technique was used to produce the spherical powders from the raw stock. 
This process is described in references 2 and 4. Me powders so produced 
were then screened until only the 105 to 125 micron particles remained. 
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The powder was then sintered by hot isostatic compaction to yield 1" 
diameter bars of 10$, 20$, and 30$ porosity. The specimens for test 
and characterization were machined from the 1" diameter bars. Metal 
smearing that occurred due to machining was removed by an acid etch 
process. The specimens were then sealed in polyethylene bags to prevent 
oxidation and delivered to Boeing for verification of vendor characteri- 
zation and for mounting in the specimen holders. 

The characterization measurements yielded the following results: the 
percent of interconnected porosity for the 10$, 20$, and 30$ porous 
powders is 92.2$, 9? *9$ and 98.1$ respectively for the stainless material 
and 100$ for all the copper materials. The mean hydraulic pore diameter 
for the 10$, 20$, and 30$ porosity levels is 7.^» 19*1^, and 25.6 
for the stainless and J .U yV , Ik.k^O , and 20.3 for the copper specimens. 
The data is based upon mercury penetration measurement and is presented 
in detail along with other data in reference 3. The summary of the 
results of the porous powder conductivity measurements is given in 
Section 2.1.1. The detailed results are presented in references 2 and 7. 

The porous powder specimens are subject to the same requirements for 
mounting as outlined above, and therefore the mounts are of a design 
similar to the Rigimesh mounts. Figure 2 shows a typical powder specimen 
mounted and ready for test. Unlike the Rigimesh specimens, the powders 
proved very difficult to electron beam weld to their holders. After many 
attempts to develop sound welds between solid and porous OFHC copper 
and solid and porous 30^L stainless steel, it was decided that sufficient 
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weld quality and reliability could not be achieved. The primary 
problem encountered with the weld joints centered around the low strength 
of the porous material. The residual stress field in the weld joint 
produced by the weld process caused radial and circumferential cracks 
in the porous material directly adjacent to the heated zone. This 
problem was evident in all specimen types but was more severe in the 
copper material and in the high porosity specimens. Because of these 
problems the specimen mount design was modified to eliminate the electron 
beam welding process. Successful specimen mounting was achieved by 
brazing the sample materials to their mounts. The braze alloy was pre- 
loaded into two small grooves in the holder and the porous specimen 
and holder assembly was heated in a vacuum furnace to produce the 
braze joint. The porous powder specimens were sealed on their outside 
circumferential surfaces to prevent braze alloy penetration during the 
oven heat cycle. This was accomplished by electroplating a thin layer 
of material on the circumferential surface of the specimens. The 
electroplate layer was 0.008" to 0.010" thick and was copper for the 
copper specimens and nickel for the stainless specimens. The braze 
alloy used was 62$ Cu + Z5$ Au + 3$ Ni for the stainless steel specimens 
with a melt temperature of 2300°R. The copper specimens were brazed 
with 65 $ Au + 3 2$ Nl + yf> Cu with a melt temperature of 2160“ R. 

The porous powder test assembly was cleaned by flushing with distilled 
water and x-ray inspected prior to testing to check for any possible 
braze infiltration. 
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It should he noted that two problems were recognized with the mounting 
process outlined above. First, the electroform process to seal the 
outer circumferential surface of the powder parts yields a seal thick- 
ness that is somewhat variable and has a relatively rough exterior. 

This then, requires a machine "clean-up" of the parts to give the tight 
tolerance to the specimen diameter required for the brazing operation. 
Also, the electroform process occurs in a suitable electrolyte which 
penetrates the entire volume of the porous specimen. Consequently, 
great care must be taken not to contaminate the material with parti- 
culates or residual electrolyte. Electrolyte removal was accomplished 
by specimen cleaning in distilled water at or near the normal boiling 
point. The second problem area is the braze operation itself. Here 
again, painstaking attention to detail must be exercised to ensure the 
porous specimen does not become infiltrated with the braze filler. 

This can occur two ways; either the liquid braze filler can penetrate 
microscopic cracks in the electroform seal surface or the liquid can 
overflow the boundaries and enter the specimen through the front or 
back surface. Some slight degree of braze infiltration was evident 
in a few specimen x-rays. This was primarily due to penetration of 
imperfections in the seal layer. Due to the dimensions of the affected 
area, as seen in the x-ray, it was felt that the program test results 
would not be significantly affected. 

2.2.0 Isothermal Test Hardware 

The isothermal test system is shown schematically in Figure 3» It 
consists of three basic components: the hydrogen supply and control 

network, the hydrogen heater, and the system instrumentation. A des- 
cription of each element is given below. 
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2.2.1 Hydrogen Supply and Control System 

The hydrogen supply system utilizes a bottle farm made up of 28 battles 
of 1.3 ft3 (water volume) each. Initially the bottles were 3500 psi 
charge pressure which gave a total hydrogen capacity of 8700 SCF. The 
fann was upgraded during the test program to 6000 psig bottles of 1.15 ft 3 
each giving a total hydrogen capacity of 13,150 SCF. A regulator at the 
manifold end of the bottle farm gives a controlled supply pressure of 
2000 psig during a test run. The hydrogen flow rate is controlled by 
manually regulating the pressure drop across the porous specimen. This 
is accomplished by two remotely driven dome motor type needle valves 
located upstream and downstream of the test specimen. The upstream and 
downstream pressure on the specimen is independently variable over the 
supply range of 0 to 2000 psig. The specimen is mounted within a stainless 
steel pressure vessel which is water cooled and equipped with sufficient 
ports to satisfy the Instrumentation requirements. The hydrogen is 
piped away from the test piece and is vented to atmosphere 20* above 
the roof of the test building. Test control of the hydrogen flow is 
maintained from a remote location where the test operator can monitor 
and regulate the pressure drop and flow rate at will. 

The 13»150 SCF of hydrogen on hand allows a test duration of 5 to 6 
minutes at the highest flow rates and ip to 1 l/2 hours at the lowest 
rates. Operator safety is maintained by separation of the operator 
and the hydrogen flow system. Also, the flow system was pressure 
tested and equipped with pressure relief devices prior to the initial 
hydrogen flow tests. 
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2.2.2 Hydrogen Heater 

The isothermal test requirements define the operating criteria of 
the hydrogen heater. These criteria proved very difficult to 
satisfy with a single heater design. The heater must be capable 
of generating a 2000°R outlet gas temperature over a mass flow range 
of 150:1 with a gas density variation of 4:1. This means that a 
heater of fixed configuration would experience a gas velocity 
variation of 600:1 and consequently a very large variation in heater 
pressure drop and power dissipated. 

A hydrogen heater capable of meeting these strenuous requirements was 
developed after the application of conventional heater designs proved 
unsuccessful. Figure 4 gives the layout of the hydrogen heater as 
finally configured. The unit is driven by an electrical resistance 
heated core of molybednum wire, helically wound in a dense array 
supported by beryllia insulators. The insulators are strips of 
beryllia mounted in slots on a molybdenum bar at six evenly spaced 
radial locations, like longitudinal fins on a tube. Evenly spaced 
holes in the edge of the strips hold the molybdenum wire coils in place. 
There are three discrete circuits or legs to the heater, all wound 
through the same insulators In alternating holes. The resistance wire 
is l/l6’' in diameter and the heater contains 45* of wire. The resistance 
heater assembly is 1 l/2" in diameter and approximately 1 8" long. 
Concentric with the heater core is a cylindrical heat exchanger device. 
This device is constructed from a 60-’ long l/4" diameter stainless 
steel tube of 0.020" wall thickness. The stainless tube was wound over 
a bar to fom a cylinder 2.0" in diameter in the same manner as a coil 
spring. The seam between adjacent coils of tube was welded along the 
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entire coil length to form a sealed cylinder. When installed in the 
pressure vessel the heat exchanger and resistance core are arranged 
so that the incoming hydrogen flows through the heat exchanger before 
passing over the resistance heater core. Also, the system is equipped 
with a valve, external to the pressure vessel, which allows a bypass 
flow of hydrogen directly from the supply to the resistance core. 

Energy transfer in this arrangement is accomplished by direct convection 
transfer between the flowing gjas and the wire core and indirectly by 
radiation transfer between the core and the coiled tube heat exchanger. 
This arrangement yields a heater with a very wide operating range. 

For tests where the mass flow is very small, essentially all the heat 
transfer takes place in the tube coil where convection coefficients 
are relatively high and the core velocity is extremely low. On the 
other hand, for the high flow rate tests the heat exchanger is partially 
bypassed to avoid excessive pressure drop, and velocity in the core is 
sufficient to accomplish the required heat transfer. The resistance 
core temperature ranged between 2500°F and 3900°R (lengthwise average) 
depending on test conditions, while the stainless tube coil ranged 
from 1700° R to 2500°R. Power consumption by the heater ranged frcm 
5 KW to 120 KW during the test program. During tests with the densest 
specimens at the lowest specimen pressure drop, excess hydrogen flow 
through the heater was required to stay below heater operational 
limits. On these occasions, the excess hydrogen was cooled and 
carried away by the exhaust system . 
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2.2.2 Cont. 

The experience of this program demonstrated the need for an extremely 
clean transpirant flow so as not to contaminate the porous specimens and 
change their flow characteristics. After seme initial problems involving 
boron-nitride as a heater construction material, the above described 
design and choice of materials proved successful. 

2.2.3 Isothermal Test Instrumentation 

The significant measurements made during the isothermal tests were those 
required to yield three categories of information. These are: the 

transpirant flow rate, the temperature level, and the pressure at 
various locations. The test set-iq? schematic, Figure 3> shows the 
relationship between the different measurement devices. The hydrogen 
mass flow was measured by ’’short radius" ASME orifice plates of six 
different diameters. The orifice diameters used are 0.009", 0.014", 
0.020", 0.048", 0.052", and O.O 85 ". This diameter range is required to 
measure the whole mass flow range experienced in the tests. The two 
largest diameter orifice plates were used upstream of the specimen, 
directly following the control regulator. These plates measure the 
high end of the flow range and were not allowed to approach choked 
conditions. The other plates, mounted downstream of the specimen, 
were for the low range of hydrogen mass flow and ran choked, with their 
downstream pressure held at atmosphere. The upstream and downstream 
orifice plates were plumbed in parallel with the valves separating each 
orifice. This arrangement allows quick orifice size selection by 
simply opening or closing the proper valves. The orifice plates were 
calibrated by Boeing Metrology Labe in nitrogen, and In hydrogen at 
the test site by the test personnel. The svpply pressure on the 
upstream side of the selected orifice plate and the differential across 
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the plate were measured with strain gage transducers calibrated "end 
to end" on site. The differential pressure ranged between 10 paid 
and 300 psid, consequently two transducers were requirdd. A 0 to 50 psid 
and a 0 to 300 psid transducer were connected in parallel across the 
orifice and the desired range could be selected by the test operator 
by remote valve selection. The overall error in the mass flow measure- 
ment system is less than ±yf> based upon the accuracy of the individual 
components and upon the comparison data between orifices at fixed 
mass flows. 

The pressure data was collected as shown in the schematic (Figure 3) • 

The upstream, downstream, and differential pressure at the specimen 
were measured independently for greatest accuracy. The upstream trans- 
ducer was 0-2000 psla, the downstream was 0-1000 psla and the differential 
transducer was +1000 psid. The transducers were calibrated "end to end" 
on site against a ±l/4$ standard and the calibration was repeated at 
regular intervals during the program or whenever the system was dismantled. 
The pressure measurements are in error by less than 1 l/2^ over their 
useful range. 

Temperature measurements were made with chromel-alumel thermocouples 
referenced to a 150°F standard. The gas temperature was measured 
directly upstream of the test specimen with a shielded thermocouple 
and again downstream of the specimen Just beyond the specimen exit 
surface. The specimen material temperature was measured in three 
locations at the downstream surface. The three locations were at the 
center, the edge and at mid radius on the specimen. The multiple 
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indication gives a measure of the radial gradient in the specimen 
which in turn is an indication of the conduction heat loss in the 
specimen. All the thermocouples in the system were grounded Junction, 
sheath type, with stainless steel sheath; their relative location is 
shown in Figure 6. The thermocouple Junctions were held in contact 
with the specimen surface by a high spring force. The gas thermo- 
couples were free standing and shielded to minimize errors in measure- 
ment. Errors in the temperature measurement are virtually impossible to 
assess under test conditions; however, the thermocouple materials 
used throughout the test system were within ISA specifications and the 
reference Junction was calibrated to be within ±0.25°F of the 150°F 
standard. The static instrumentation errors in the temperature 
measurement system are therefore believed to be within ±1$ of reading 
but not better than ±2°F at the low end of the range. 

The data acquisition system used was a 200 channel "Dymec " digital 
system. The data was collected on printed paper tape at the rate of 
10 channels per second* There were 20 channels used, counting the 
actual data and the control information. The data was lumped in 
consecutive channels so as to limit the time interval over which the 
data was collected. This tends to limit the distortion in the data 
due to any transient effects. 

2.3.0 Heat Transfer Test Hardware 

The general layout of the heat transfer test system is shown 
schematically in Figure 5. Comparison with Figure 3 shows that the 
heat transfer test set-up la somewhat more elaborate than the Isothermal 
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set-up. This is the result of a move of the test site frcm the 
remote test location for the isothermal tests, to a site of general 
test and office use. Due to the hazardous nature of the test, 
additional safety precautions were required at the new test site. 

The layout schematic shows these safety features. The arc-image 
furnace and the test chamber were placed in a steel "e3q>losion proof" 
room with the hydrogen supply located outside the room in an open 
court. The test operations site was within a large room containing 
the steel room. A sensitive hydrogen detector was placed in the 
exhaust vent to the steel room. The detector was interlocked to the 
hydrogen controls and the electrical supply for the arc-image furnace. 
Complete system shutdown would occur if a hydrogen concentration above 
the set-point was detected by the sensor. 

The major test system components relavent to the objectives of the 
heat transfer test are the hydrogen supply, arc- image furnace and 
light pipe, and the test chamber and instrumentation. Each of these 
components is described below. 

2.3.1 Hydrogen Supply System 

The hydrogen supply system for this test is essentially the same as 
the isothermal test set-up. However, modifications were made to 
provide for remote shutoff of the 28 bottle farm and increased purge 
capability was added to meet facility safety requirements. Because of 
the reduced mss flow in the heat transfer tests the hydrogen supply 
capacity will allow continuous flow for up to two hours. The hydrogen 
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exhaust system was different in the heat transfer tests, in that the 
exhaust stack was equipped with a 'back-pressure device. This device 
maintains a positive back pressure of 35 psia on the exhaust line through 
the action of a "floating" weight valve. This device precludes back 
diffusion of air into the vertical exhaust stack and the possibility of 
explosion. 

2.3.2 Arc-Image Furnace 

A comprehensive description of the development and calibration of the 
arc-image furnace is given in reference 5 * The design and development 
of this thermal radiation device was a response to the test requirements 
of this program. The thermal radiation generator is a high radiance arc 
lamp coupled with a water cooled aluminized collector. Figure 7 shows 
the furnace operational schematic and Figure 8 is a schematic of the 
furnace as set up for actual test. 

A photo of this lamp is shown in Figure 9* A special feature of the lamp 
is its small (6 millimeter) arc gap. The small gap provides the high 
radiance and source geometry required to yield the desired irradiance 
at the target with the 22 inch collector. The arc gap dimensions are 
controlled by a high velocity jet of xenon gas flowing between the 
electrode and cathode. This jet "pinches" the arc and maintains the 
arc dimensional stability. The unique lamp was designed and built by 
the Tamarack Scientific Company and is designated model MTF- 50 . Its 
nominal power rating is 50 KW for 50 hours of operation. 
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Figures 10 and 11 show the energy distribution from the lamp and collector 
at the target (3/4” diameter), at high and low power settings. These 
measurements were made by use of a calibrated radiometer. As the figure 
demonstrate, the energy distribution is radially non-uniform. The 
maximum to minimum power levels within the 3/4" diameter target circle 
define the uniformity ratio. The ideal uniformity ratio would, of course, 
be 1.0. However, as seen in the figures the ratio is greater than 3* 

This degree of non-uniform energy distribution was not acceptable for 
the heat transfer tests, which are intended to be one dimensional. 

The non-uniformity of incident energy at the target was greatly 
reduced by the application of a "light pipe". The light pipe used in 
the arc-image furnace was developed jointly by Boeing and Tamarack 
with technical design assistance from HASA-Lewis. The specific design 
configuration chosen was the result of an evolutionary development, 
involving several iterations to complete. The light pipe configuration 
used is shown in Figure 12. It consists of a water cooled structure, 
through the center of which is a tapered hole. The sides of the hole 
form a hexagonal reflecting surface. The side spacing at the entrance 
hexagon is 1.35 inches across the flats and the exit spacing is 0.75 
inches across the flats. 

The light pipe improves the uniformity of the energy distribution by 
accepting the available energy at the entrance, and reflecting it 
repeatedly through the pipe. THs uniformly redistributes the energy at 
the pipe exit. The reflecting surfaces are high efficiency reflectors. 
However, due to the multiple bounces pf the majority of the rays, the 
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overall pipe efficiency is 80*6. The arc-image furnace coupled with the 

light pipe yields a maximum flux level of 17.2? BTU/in^-sec. (2^90 BTO/ft^-sec) 

with a uniformity ratio of 1.07 at the target plane. A typical heat 

flux scan with the light pipe is shown in Figure 11A. In this test 

program the irradiated specimen and the energy source must be separated 

by a quartz window because of the hydrogen transpirant used. This 

quart 2 window was l" thick and reduced the effective flux level to Just 

over 15 BUJ/in^-sec . (2l6o BTU/ft^-sec) . 

2.3.3 Heat Transfer Test Instrumentation 

The instrumentation set-up for the heat transfer tests is very similar 
to the arrangement used for the isothermal test. The hydrogen flow 
rate was measured with the same orifice plates used in the isothermal 
set-up. The mass flow was measured upstream of the porous specimen 
with sub-critical flow through the plates. Pressure data was collected 
upstream, across, and downstream of the test article. The pressure 
levels were from 50 to 1000 psia differential. Due to the wide range, 
two transducers were used in the upstream as well as the differential 
location. Upstream the transducers were either 0 to 300 psia or 0 to 
1000 psia, while the differentials were 0 to 200 psid or 0 to 1000 psid. 

All pressure transducers were calibrated "end to end" at the test 
location. 

Test temperature at the orifice location and the upstream gas and 
specimen temperature were measured with chrcmel/ alumel thermocouples 
referenced at 150®F. The thermocouples were sheath type l/l6" in 
diameter with a stainless steel sheath and grounded Junctions. The 
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downstream (hot side) specimen and gas temperature measurements 
required special instrumentation developed specifically for this 
test application. The hot-side temperature measurements are 
extremely difficult to make because of the very high level of inc caning 
thermal radiation. The specimen and light pipe are arranged so that 
the specimen heated surface is within 0 . 025 " of the end of the light 
pipe. Consequently , the only access to the specimen surface is 
through the center of the light pipe. The radiant flux level within 
the light pipe center is sufficient to generate extremely high tempera- 
tures in exposed materials which are uncooled. Also, tanperature 
measurement devices placed in the flux field in the center of the pipe 
will cause shadows and disturb the uniform flux distribution on the 
specimen. 

A development effort was required to explore and evolve methods to 
measure the hot side surface temperature and the exit gas temperature 
with sufficient reliability and accuracy to generate useful test results. 
After testing and evaluating many alternate thermocouple designs and 
considering infrared and other measurement schemeB, the final measurement 
configuration was decided vpon. 

Tests with multiple thermocouples located on various test specimens 
shoved that there exists only very small radial temperature gradients 
in the porous specimens. Therefore, a surface temperature measurement 
made at the specimen edge will yield nominally, the same data as a 
measurement made at the center. The material surface tenperatures were 
measured by spot welding a small (. 005 " diameter wire) thermocouple 
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junction at each specimen edge. Tests also showed that there is a 
significant variation in the gas temperature between the specimen 
center and edge. This is due to circulation and mixing of cooler gases 
from the test chamber volume. The test chamber is water cooled and 
the hydrogen is dumped into the chamber volume at the exit of the 
specimen. A «i«n amount of entrainment of the cooler hydrogen 
occurs due to the light pipe position. Therefore, the gas tempera- 
ture at the specimen edge is reduced and the measurement must be made 
at the specimen center line and very near the exit surface. Also, 
because the specimen material esdiibits a significant reflectivity 
a certain amount of thermal radiation will be "bounced" off the 
specimen surface. The gas temperature measurement device must be 
shielded from this energy source so as not to influence the measure- 
ment . 

Figure 12 shows the probe developed to measure the hot side gas 
temperature at the specimen center. The probe is basically two 
tubes, one copper and the other stainless steel. The stainless 
tube has a coolant flow of gaseous nitrogen which flows down the 
tube interior and returns via a smaller tube within the stainless 
tube. The nitrogen turns the corner at the tennination of the 
stainless tube, this end being at the sample end of the light 
pipe. The copper tube runs parallel with the stainless tube in 
such a way that it is in the shadow of the cooled stainless tube 
at the entrance to the light pipe. 
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This arrangement reduces the heat load on the copper tube by protecting 
it with the cooled stainless tube. The two tubes are Joined together 
by a full radius braze joint along the entire length of the exposed 
assembly. Therefore, the copper tube can conduct its heat energy 
into the stainless tube. The copper tube terminates l/4" fran the 
heated specimen surface. The copper and stainless tubes pass through 
a pressure seal in the vessel wall and the stainless tube is plumbed 
to a nitrogen supply while the copper tube is vented to atmosphere. A 
small (0.025" diameter) sheathed thermocouple is located within the 
copper tube, and. held on the center line by small spacers. The down- 
stream end of the pressure vessel is held at a positive pressure 
between 25 and 40 psia. A sample of the heated hydrogen flows through 
the copper tube and past the thermocouple Junction yielding the desired 
temperature data. The pressure drop available for this flow is largely 
spent at the thermocouple junction and near vicinity. Therefore, the 
velocity at the junction is quite high and the thermocouple set-up has 
a high recovery factor. 

The outer copper tube acts as the conduit for the hot gas sample and 
as a radiation shield for the thermocouple junction. Radiation errors 
are minimized by locating the thermocouple Junction 3/8" inside the 
termination of the copper tube. This effectively reduces the view 
factor between any reflecting surface and the thermocouple Junction. 
Also, because of the relatively high flow rate of hydrogen within the 
copper tube, the tube is held near the hydrogen temperature and 
therefore radiation transfer between the thermocouple end the tube 
is negligible. 
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The instrumentation errors associated with the heat transfer test are 
of the same magnitude as the isothermal test, error level. Mass 
flow measurements are within ±3^, the pressure measurements are within 
±1 l/2$, and the temperature errors are ±1^ of reading or ±2°F, whichever 
is greater. This applies to all the temperature measurements except 
the hot side gas temperature and the hot side material temperature. 

These two measurements are difficult to quantitatively assess. On 
the basis of test results with multiple thermocouples used simultaneously 
and through many hours of test experience on this program, it is felt that 
the temperature measurements on the hot side of the specimen are within 
±2 l/2$ of reading or ±10°F whichever is greater. 

Data acquisition equipment used in the heat transfer tests was the 200 
channel "Dymec" digital system, and two Hewlett Packard, 7100B, strip 
chart recorders. The "Dymec" system prints the data on paper tape 
and was the principal data acquisition system. The two, two-channel 
recorders gave four channels on which to monitor test parameters. A 
continuous real time display of the specimen pressure drop, the orifice 
pressure drop, and the hot side gas and specimen temperature were visible 
on the recorders. These displays were useful in indicating both the 
absolute level of each parameter and the timewise gradient. The attain- 
ment of steady state conditions from one test point to another was 
clearly visible on the recorders. 


24 



3.0 GENERAL DISCUSSION OF TEST RESULTS 

This test program has demonstrated the sensitivity of the test data to 

specimen microstructure. Flow through the porous specimen is qualitatively 

similar to flow through a series of interconnected orifice passages. 

Also, for the largest portion of the flow range the flow across any 

given pseudo orifice is subcritical . Therefore, a srnal 1 variation in 

equivalent pseudo orifice diameter (actually, mean pore diameter) will 

result in a much larger variation in the pressure drop. For non-choked 

flow, this pressure drop vs. pore diameter is a fourth power law as 

seen by the following orifice equation. For frictionless, subsonic 

flow through an orifice the mass flow rate is given as 

M = CA(Apy’) 1 / 2 where M = mass flow rate 

AP = orifice pressure drop 

At a constant mass A ■ flow area (pore area) 

flow rate and noting d =* pore diameter 

that A« d 2 then C = constant 

k 

Ap<<d 

For choked flow at a constant mass flow rate the pressure drop is a 
complex function of the pore diameter and absolute pressure level. 

However, as the pressure ratio across a given pore increases the 
pressure drop versus pore diameter approaches a second power law. 

The effect of a change in the mean pore diameter between specimens 
of the same nominal porosity would be felt in both the heat transfer 
and the flow tests. This effect would show as an inconsistency between 
specimens for which the specif ications were to be the same. In addition, 
correlations of the flow characteristics vs. porosity between specimens 
would be scattered in relation to the pore size variation. 
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A second problem associated with the specimen microstructure is the 
variation in local permeability from location to location within a 
given specimen. Unless these variations are gross, this effect will 
not be evident in the pressure drop data. This is because the pressure 
drop and flow rate data are not specially local measurements, but are 
integrated averages over the entire specimen cross section. The heat 
transfer data, on the other hand, is sensitive to spacial distributions 
of mass flow for two reasons. First, if a non-uniform coolant distribution 
is exhibited by the specimen, there will exist a non-uniform temperature 
distribution as well. The magnitude of the temperature variations, due 
to variations in specimen permeability, is increased because the gas 
density is sensitive to specimen temperature. If approximate local 
equilibrium is assumed, then the coolent temperature is near the specimen 
temperature. Also, the pressure drop across any given element of the 
specimen is the same from location to location. Therefore, a less dense 
coolant is flowing through the hotter portion of the specimen. Conse- 
quently, the temperature of this portion of the specimen is elevated 
still further. 

Secondly, there exists on the specimen a location where the temperature 
has the same value as the area weighted average temperature . However, 
there is no assurance that the location of the thermocouples will 
coincide with this spot. In fact, it is quite unlikely that the two 
locations will coincide since the temperature distribution is not 
known, a priori. 
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During the initial isothermal flow teBts with the porouB powder 
materials, it was observed that the data could not be correlated 
on the basis of thickness for a given porosity level. It was 
expected that the mass flow rate for a given porosity and pressure 
drop would be inversely related to the thickness. Despite the great 
care taken in the preparation of the raw specimen material, as described 
in references 2 and 3, there is evidently non-uniform microstructure 
between specimens in the powder group . It is felt that this may be 
the result of local compaction of the individual specimen during 
machining operations required to mount the test material in the specimen 
holder. Further evidence of the microstructure non-uniformity was 
demonstrated with a simple soap solution test. The specimen was placed 
in a test fixture which allows a slight flow of clean nitrogen to flow 
through the piece. A meniscus of soap solution is placed upon the 
horizontal specimen exit surface and the nitrogen allowed to flow. The 
bubble pattern and formation rate show clearly the degree of non-uniformity 
in the mass flow rate per unit surface area. This type of test showed 
seme non-unif onnlty in all specimens. However, the non-uniformity was 
lowest in the Rigimesh materials and highest in the copper powders. 

Also, the non-uniformity was consistently less in the high porosity 
specimens . 

This specimen behavior accounts to a large extent for the scatter 
present in the heat transfer data. In the case of the copper powder, 
the non-uniformity is of such a degree that the heat transfer coefficients 
are not presented. However, the raw data for all specimens tested has 
been included in Appendix B. 
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It was observed that the material temperature at the back face (unheated 
side) of the porous specimen was only slightly elevated during the heat 
transfer tests. This phenomenon was observed throughout the test series. 
During the heat transfer test series the axial temperature variation 
was measured. This was accomplished by placing thermocouples at various 
axial locations along the specimen perimeter. Portions of the specimen 
support were removed to allow the attachment of the thermocouples. The 
results of these measurements demonstrated that the temperature gradient 
within the porous metal was considerably steeper than expected. 

Generally, it was concluded that the heat transfer between the porous 
structure and the coolant takes place in the first l/8" below the heated 
surface . 
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4.0 


DATA ANALYSIS 


The data presentation and analysis are given in two parts. The data 
were correlated on the basis of pressure drop vs. mass flow rate for 
both isothermal and non-isothermal cases. Also, heat transfer 
coefficients between the material and the coolant are determined. 

4.1 Pressure Drop 

The pressure drop through the three varieties of porous metals was 
measured under both isothermal and non-isothermal conditions. The 
isothermal data was collected over a temperature range from 500° R to 
2000° R. The non-isotheimal tests were conducted at heat flux levels 
between 5 and 15 BTU/in 2 -sec. with coolant temperatures varying frcm 
slightly above room temperature to over 2000® R. Complete listing of 
the test data is given in Appendix A. 

4.1.1 Basic Flow Equations 

All the pressure drop data are correlated in a form derived from the 
following modified Darcy equation* 

- d£ s o( m + m 2 (1) 

dx g y e 

Using the ideal gas equation of state/ 0 a £ / equation (l) can be 

y RT 

integrated to give: 

— 2r =r cjjts rn ^ ( 2 ) 

g ' e 

where y® = £ « ^up + ^dn 

RT 2 RT 

A p » Pup - p dn 
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Equation (2) may be rewritten in terms of the more familiar parameters, 
friction factor (f), and Reynolds number (Re), as follows: 

fRe 2 = 2^d Re + 2/5 Re 2 (3) 


where 


f 




2 



« 

(5) 


4.1.2 Characteristic Lengths 

The specimen characteristic lengths used in the Reynolds number and 
friction factor are the hydraulic diameter, d, and the reciprocal 
of the internal surface area per unit volume, S. The data on d and S 
is given in references 1 and 3» For this correlation, the numerical 
values of d and S, as taken from the mercury penetration measurements, 
were plotted as a function of porosity, f . Smooth curves were then 
faired through the data. The equations written for these curves are 
as follows: 

Rigimesh 


d = 4.2 x 10" 3 y 1-68 ( n .) 

S = 1050 (ft" 1 ) 

Sintered Stainless Steel Powders 


d = 7.22 x 10" 11 ^ 1 - 16 (ft.) 
S a 5540 ^"* l6 (ft* 1 ) 


Sintered OFHC Copper Powders 


d 

S 


4.95 x 10" 1 ** i* 16 (ft.) 

8080 ^"* l6 (ft" 1 ) 
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The isothermal flow data presented in references 8 and 9 is also 
correlated here for comparison. The surface area per unit volume 
for the packed bed of spheres or cylinders in reference 8 is calculated 
by the following equations. Assuming point contact: 


S = 6 (l - p ) spherical particles 

to ; r 


S - 2(1 


[H 


cylinders 


( 6 ) 

(T) 


where (d)p - diameter of particle 
dQ s* diameter of cylinder 
H = height of cylinders 

The hydraulic diameter is then calculated from 


d = 4f 

"T 


( 8 ) 


For the packed bed of spheres, cylinders, and cubes in reference 9* 
the surface area per unit volume listed in that reference is used and 
the hydraulic diameter is calculated by use of equation ( 8) . 


4.1.3 Correlation Equation for Pressure Drop 

When the isothermal test data are plotted in a log-log format, it 

is found that fRe^ can be represented by a set of parallel lines. 

For non- isothermal tests, the same correlation is valid provided 
that the property values^ and yu are evaluated at the log mean 
temperature defined as: 

T U» - (?) 

InTi - lnT 2 

where Tq_ and T 2 are the gas temperature at the inlet and outlet 
surfaces, respectively. 
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4.1,3 Coirt. 

As shown In equation (19) (see Section 4.2,2) the log mean temperature 
Is the true average temperature of the gas when the temperature is an 
exponential function of (x) , the distance through the specimen. It 
was found that the coefficients oC and yS of equation (3) are functions 
of material structure and poroBity. For each material structure, the 


correlation can be simply represented by: 



For the materials in this study and the data on packed beds of spheres, 
cylinders, and cubes (references 8 and 9)> the constants Cj_, C 2 , and n 
are given in the following table . 


Range of 


Woven and Sintered 
Wire Mesh (Rigimesh) 

3.9 

1.99 

7.39*10-5 

. 087 - .40 

.7-870 

m-i'i-TT.i 

Present 

data 

Sintered 304 l Stainless 
Spherical Powder 

3.8 

3.42 

8.88x10-5 

.1-.31 

.5-150 

Tt 

Sintered OFHC Copper 
Powder 

2.8 

10. T 

7.55x10“^ 

1 

.1-.31 

.35-96 

It 

Packed Bed of Spherical 
Particles, Cylinders 
or Cubes 

2 

22.8 

1.17x10-3 

.359- .478 

30-1100 

Ref. 8 , 9 


The correlation is applicable for all gases. This is because test data 
collected with different flow media such as nitrogen and hydrogen were 
properly accounted for and correlated through the gas properties (molecular 
weight and viscosity) • 
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4.1.3 Cont. 

A comparison of test data and correlations is shown in Figures l4 to 
17* Clearly, the correlation is satisfactory. 

It may be pointed out that the correlation given by Ergun (reference 10) 
was also derived from equation (l). However, the functional relationship 
between and the porosity ^ given by Ergun does not fit the present 

data or the data of references 8, 9 and 11. This may be due to 
different porosity ranges. Ergun employed the data from a porosity 
range of 0.4 to O.65, while the correlation given in equation (5) is 
for a porosity range from 0.1 to 0.478. 


In principle, the constants Ci, Cg and n are functions of the micro- 
structures only. Since these constants are different for the stainless 
steel sintered spherical powder and the QFHC copper sintered powder, 
the microstructures of these two porous metals are apparently different* 
This microstructure variation (or local non-uniformity) is discussed 
under Section 3*0. 

4.1.4 Error Analysis of Pressure Drop Data 

The error analysis is performed for the Reynolds number Re and the 

product of friction factor and Reynolds number squared as follows: 


4.1 .4.1 Error in Reynolds Humber 


Re = md 


dRe 


dm 


4(4) 

Re 


IT" 


A 


Jx*L 

A* 


For a fixed specimen and temperature, the hydraulic diameter and gas 
viscosity^ are constant. Therefore, the error in Reynolds number la 
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directly proportional to the error in the maxx flux (m) measurement . 

It 1b estimated, that the error in the mass flux measurement is ±3$. 

Thus, the Reynolds number calculation is accurate to within ±3$ 

assuming that there is no error in d and y(j 

fRe 2 = a^dPd 2 g 
LS 2 


d fRe 2 




ddp 

+ 2 

d(d) 


dS 

fRe 2 


y 




(d) 


s 


2 




S' 


Thus, for a given specimen and temperature, the maximum error of fRe 2 
is equal to the sum of the errors of and ^p. As discussed in the 
section ( 2 . 2 . 3 ) on instrumentation, it Is estimated that the error in / 2 r 
and A p is ±1.5$. Therefore, for a given specimen and temperature, the 
maximum error in fRe 2 is nominally ±3$. 


In Figures l4 to IT it is evident that the data points are scattered 
as much as 20 $ from the best correlation represented by the solid lines. 
This is due to a combination of the error in, S'* d, S, as 

well as the approximate nature of the correlation itself. 


4.1 .4.2 Application of Results 

For given porous metal, the porosity, ^ , hydraulic diameter, d, 
internal surface area, S, and thickness, L, are presumedly known or 
can be found. The pressure drop as a, function of mass flux m can be 
calculated by the following equation which is another form of equation 
(10 )j 

Ci md ♦ C 1 C 9 n£d 2 

JTFTF SiFT- 77T 


Pi 2 - P 2 2 


RTLSyV' 


(n) 


1 
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Thu.6, for a fixed downstream pressure p 2 > the upstream or reservoir 
pressure pi required to provide a mass flux m at a given temperature T 
can be computed by equation (ll) • Notice that if the gas temperature 
through the porous materials is not a constant , a log mean temperature 
Tm defined by equation (9) must be used in place of T in equation (ll)* 
Also, tinder this condition, is to be used for evaluating the 
viscosity of gas yj . 

4 *2 Heat Transfer 


4.2.1 Determination of Heat Transfer Coefficient 

The heat transfer coefficient between the porous material a nd the 


coolant is determined by the following; equations derived in reference 12 x 

ji " 9a o C /f 1 ” ^boC rO 

~ c Yi - e* 


Tf y - Tf * 1 

T mw * T f B 
where 


C* - e’* 


B - mCpl 
k 


® a -i yi + 4 b 

2 L ~ J 

A ^ -/ir*r ] 




A =» h L a nSL 
Efp iaCp 


( 12 ) 


(13) 

( 1 *) 


(15) 


For a given specimen under a specified test condition, the tenperatures, 
T fw> T f > ^w> ^ the property values Cp, and k, as well as the thickness 
L are known. Therefore, the heat transfer coefficient h' can he determined 
from equation (12) . 


For sane conditions, equation (12) can be greatly simplified by considering 
the following: 


i 
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U ,2.1 

(a) is always positive 

(b) is always negative 

(<=) c* ^ c* 


Therefore, when I I is relatively large the following approximations 


becane nearly exact. 

/- e** c* 

i - («to)e^< 

tic 


then equation (12) can be written as 

t = B 

For all the heat transfer data evalviated in this report, the absolute 
value of is relatively large and therefore equation (16) con be 
substituted for equation (12). 


T fw~ 

V“ T f 


(16) 


The heat transfer parameter A may be expressed in terms of if] and B 
as follows; 



B- r. 


(17) 


Thus, for any data point for which T f , Tj^, , and m are known, 
the parameter B can be calculated from equation (13) and the value 
of “ZC and A may be computed fran equations (16) and (IT)# consecutively. 

k .2 .2 Reference Temperature 

The properties of the gas and porous material are functions of 
temperature. Since the temperature of both the coolant and the porous 
materials varies along the flow direction, a reference temperature must 
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4.2.2 


Coat. 


be used for the evaluation of property values. If it is assumed that 


the temperature of the gas and the porous material can be approximately 
expressed by a single-termed exponential function, the mean temperature 
along the flov path as shown in the following equations is the log mean 
temperature between the inlet and the outlet surfaces: 



( 18 ) 

( 19 ) 


At x = 0, T = To = a 
At x a L, T = Tl a ae bL « T 0 e tL 
and bL = In T - In T 0 

Substituting equation (l8) into (IT) and performing the integration, 
one gets 


T = 1 
L 






- To 

In Ti - lnT 0 




where 

« log mean temperature = % - T Q 

lnflf^Tn^ 


( 20 ) 


When T 0 and Tl are very close, i.e., T L * T 0 + &T, the log mean 
temperature T^j can be reduced to the form shown in the following 
equation: 


Tm - 

In (1 + fcT ) 
To 


m - T 

To 


Z T 

f 

L 0 


L-, 


( 21 ) 


For 0 

*W - T 0 

Thus, for isothermal condition, the log mean tenperature is the 

prevailing temperature, as it should be. 
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4.2.3 Presentation of Heat Transfer Results 

The dimensionless parameters in heat transfer are Nusselt number, 
Stanton number, Prandtl number, and Reynolds number. They are defined 
as follows: 


Nu = h_d 
k 

St = h 

anCp 

Pr = fip 

K 


Re 


md 


~\ 


( 22 ) 


The property values of the gas, including thermal conductivity k, heat 
capacity at constant pressure Cp, and the viscosity^ are evaluated 
at the log mean temperature Tjj^. 


Sane of the results of the tests are presented graphically in the form 

of Nu vs. Re and St 1*2/3 Re* vs. Re. Hu vs. Re was used 

Prl/3 PrV3 

because, in the case of incompressible flow over a body, Hu is found 

PrI73 

to be a function of Reynolds number. St Pr 2 /3 Re 2 was used because 
it corresponds to the parameter fRe 2 in momentum transfer. When the 
plot of St Pr 2 / 3 Re 2 vs. Re is compared with the plot of fRe 2 vs. Re, 
one can see whether or not there is a similarity between momentum and 
energy transfer for flow through porous materials. 
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4. 2. 3.1 Stainless Steel Rigimesh Porous Materials 

Figures 18, 19 and 20 show the parameter Nu as a function of Re 

5375 

for the stainless steel Rigimesh at porosity levels of .116, .187 
and .369 to .401. The nominal incident heat flux levels were 7.5 
and 15 BTU/in 2 -sec, for this data. It appears that the dimensionless 
heat transfer coefficient is independent of the heat flux level. The 
heat transfer results of Denton (reference 15) and Ccppage and 
London (reference 16) are shown as dotted lines in Figure 20 for 
comparison. Their results are 25^ to 40 lower than the present data. 
This could be due to the difference in porous structures, since their 
results are for the case of a packed bed of spheres. 

Figures 21, 22 and 23 show St Pr 2 / 3 Re 2 as a function of Re for the same 
three specimens. Notice from Figures l8 through 23, the slope of the 
data line increases as the porosity decreases. This same phenomenon 
was also found in reference 16. However, this trend does not appear 
in the pressure data. Therefore, it is concluded that there is no 
similarity between heat and momentum transfer in the porous materials. 
This same conclusion was also found in references 8, 9 and 16. It is 
for this reason that the heat transfer data cannot be combined in a 
single correlation, as has been done for the pressure drop data. 

4. 2. 3. 2 Stainless Steel Sinterered Powder 

Figure 24 shows Nu as a function of Reynolds number for the sintered 

p?75 

stainless steel powder in two porosity levels. Figure 25 shows the 
same data in the form of St Pr 2 / 3 r* 2 va. Re. Again, Figures 24 and 
25 Bhow the increase in slope as the porosity decreases. 
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4.2.3»3 Packed Bed of Particles 

Figure 2 6 shows Mu as a function of Reynolds number for a packed bed 

5375 

of spheres, cylinders, and cubes from references 8 and 9. Figure 27 
shows the same data in the format St Pr^/3 R e 2 vs. Re. Considering 
the difficulty of the experiment and the variety of geometry of the 
particles, the correlation is satisfactory. 


4.2.4 Error Sensitivity Analyses for the Heat Transfer Measurement 

From equation (17), 


InA = 2 lnTi = In (B-^i) 


dA 

A 


3-tf 


2 + 


d?i 

T 

From equation (16) 

InTi » InB + In (T^ - Tf ) - In (T^, 

d *l ^ 

■Ti- 


A 

b3T 


- Tf) 


* 


dB 

+ 

dTfw 

+ 

d %w 

B 


T fw * T f 


*■ Tf 


Substituting equation (24) into equation (23), 


dA 

A 


2 + j*l 

B^i 


dB 

B 


d T f 




d Tjjw 

'i'f 


if 

dB 

B 

•> 

OJ 

0 

• 

NV 

dT fw | ^ *05, 

d 


■ 

Tfw - Tfw [ 

" Tfv 


dA 

A 

^ .12 

"2 l"| 

B- X J 



* 


05 


(23) 


(24) 


(25) 


where the numerical values are taken from the accuracy assigned the 
measured parameters involved. 


Test data show that B and 


*1, 


in general, are of the same order of 


magnitude and the term ti could be from 1 to 10. This indicates 

si; 
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4.2.4 Cont. 

that the maximum uncertainty of the parameter A could be from 3 to 150^. 
This inherent error sensitivity, together with the non-uniformity of 
flow through certain test specimens is responsible for the scattering 
of the heat transfer data. 


4.2.5 Correlation of Heat Transfer Data 

Approximate equations were fitted into the heat transfer data presented 
in Figures 18 to 27 . The results are shown below: 

Nu =» .01 Re2-5 (Rigimesh, f = .116) 


p^7T 

Nu = .163 Re - 0.22 (Rigimesh, f = .187) 

p37T ' 

Nu . a 4 + 0.11 Re (Rigimesh, f =» .369 to .401) 

f . 

Nu « .1 + ,l6 Re (Sintered stainless steel powder, 

Prl/3 f - .2118) 

Nu «* .228 + .0358 Re (Sintered stainless steel uowder. 

‘537T 1 = .3186) 


(26) 

(27) 

( 28 ) 

(29) 

(30) 


4.2.6 Application of Heat Transfer Data 

The information on heat transfer coefficients between the porous materials 
and their gaseous coolant may be used to design a transpiration cooled 
system. For given environmental conditions and vehicle configuration, 
such as a nose cone or nozzle throat, the heat flux is specified or can 
be estimated. The allowable surface temperature is also specified from 
the structural considerations. The problem is usually to determine the 
coolant mass flux m such that the metal temperature will not exceed the 
allowable value. This calculation may be performed by the following steps: 
1. Estimate a mass flux m 
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b.2.6 Cont. 

2. Compute the coolant temperature at the exit surface by the 
energy balance equation: 

^ - T foo * (3l) 

where 

= blocking function due to mass injection (see reference 1 ?). 

3. For a given porous material, estimate the hydraulic diameter d and 
the surface area per unit volume of the porous structures. Compute 
the Reynolds number and determine the dimensionless heat transfer 
coefficient Nu from the appropriate equation or graph. Compute A, 

B, and #2 f ’ ram equations (13) to ( 15 ) . 

4. Test data show that the thermal boundary layer of the coolant at 
the inlet surface is negligibly small and the gas temperature at 

the inlet surface can be taken as the coolant temperature immediately 
upstream of the surface. Thus, the dimensionless porous material 
temperature at the inlet surface can be found by the following 
equation (reference 12 ): 



5 . A check is now made to see if the estimated m is the correct one 
by use of the following expression for the dimensionless temperature 
of the coolant at the exit surface (equation 12 ). -1 



Since all the quantities in equation (33) are either given or calculated, 
equation ( 33) can be used to check the correctnee • of the estimated m. 

If equation (33) is not satisfied, a new estimate of m must be used and 
the calculations repeated until a correct m is found. 
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4 .2 .6 Cont . 

In cases where the coolant and the material temperatures are very close 
at the inlet surface, step 3 can be bypassed and equation (33) is 
simplified by putting 6^ 0 = 0. 

Once the mass flux is found, the pressure drop across the porous material 
can be found by the method outlined in Section 2. 
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5.0 


CONCLUSIONS AND RECOMMENDATIONS 


5 .1 Conclusions 

Pressure drop and heat transfer for flow through three different porous 
metals having various porosity and thickness values have been measured 
and analyzed. Based on this study, the following conclusions are given; 

(1) For a given porous metal structure and porosity, the dimensionless 
product of density and pressure drop, fRe 2 , is a function of 
Reynolds number only, independent of the kind of gas. This 
functional relationship is applicable for isothermal flow at 

roam temperature and at high temperature as well as for non-isothermal 
flow provided that the property values are evaluated at a log mean 
temperature between the coolant at the inlet and the outlet surfaces. 

(2) The dimensionless product of density and pressure drop for the 
porous materials can be correlated in the form of 



Ci, Cg, and n are functions of the microstructure s of the porous 
materials . This correlation is valid for sintered porous materials 
as well as for packed beds of various shaped particles. 

(3) The heat transfer coefficient is plotted in the form of Nu vs. Re 

and St Re e '■ Pr2/3 vs. Re. No simple correlation has been found to 
represent the heat transfer coefficient Independent of specimen 
porosity. 

(4) There exists no simple direct relation between momentum transfer 
and heat transfer for flow through porous materials. 
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Reccmmendations 


5-2 

In the fRe 2 vs. Re plots, It was found that the slope of the curves 
increases as the Reynolds number increases. Therefore, the correlation 
is valid only for the Reynolds number range measured in the tests. 
Outside this range, extrapolation is uncertain, and additional test 
data is required. The quality of heat transfer data is less than 
desired due primarily to the non-uniformity of mass flux across the 
sample. To generate better heat transfer data, development work is 
needed to produce more uniform test specimen. 
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NOMENCLATORE 


Unless specified otherwise, the symbols In this report are defined 
as follows} 

A heat transfer parameter 

B mass flux parameter 

Cp specific heat of coolant at constant pressure 

d characteristic diameter 

f friction factor 

g gravitational constant 

h / heat transfer coefficient per unit volume 

k thermal conductivity 

L thickness of porous material 

m mass flux 

Mu Kusselt number 

p pressure 

Pr Prandtl number of fluid 

q heat flux 

R gas constant 

S internal surface area per unit volume 

Re Reynolds number 
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St 

T 

X 


* 

t, 


f. 


e 

f 


Stanton number 
temperature 

distance measured frcm the fluid inlet surface along flow 
direction 

viscous permeability parameter 
Inertia permeability parameter 
defined in equation (l4) 
defined in equation (l4) 

T - T f~ 

^W“^oo 

viscosity of fluid 

-6 "■ 
micron (10 meter) 

porosity — volume 
total volume 


y* density of coolant 


Subscripts 


log mean 


fluid 


fw 


fluid at exit wall surface 


reservoir of far upstream 


f, 


4 $ 



m matrix 

mo matrix at inlet surface 

raw matrix at oublet surface 

o at inlet surface 

v at outlet surface 
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Conversion Factors 


Parameter 

U.S. Engineering 

Conversion Factor 

International 

1 

BTU 

1.6342xl0 6 

V 


j^-sec. 


m2 

h 

BTU 

6.7021x10 2 

w 


ft^-sec-°R 


m3-°K 

°P 

BTU 

4.l868xl0 3 

J 

lbm- 8 R 


kg-°K 

k 

BTU 

6.2265X10 3 

v 


sec-’R-ft 


m-*K 

m 

lbm 

4.8824X10" 4 



ft^«sec 


m^-sec 


lbm 

ft-sec 

1.4682x10° 

N-sec 

_2 




m 

P 

lbf 

4.7880x10 

N 


tt^- 


m2 

S 

Vcm 

ft3 

1 . 6018 x 10 

m3 


NOTATION: 


meter (m) 

Newton (N) 

klllograa (kg) 

Joule (j) 

degree Kelvin (*K) 

watt (w) 


51 



i 
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A-A 


FIO. X RIGIMESH SPECIMEN, MOUNTED FOR TEST 
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SAMPLE BOLDER 
TXPE 304L-S.S, 



FIGURE 2. POWDER SPECIMEN, MOUNTED FOR TEST 




LOW HASS FLOW f£ASjRLE*H 

FICr. 3 SCHEMATIC OF ISOTHERMAL TEST SET-UP 




FIG. b ISOTHERMAL HYDROGEN HEATER 





FIG, 5 SCHEJ4ATTC QR KRAI IRATRKPK Hrqi H*Rrw''K 





THERMOCOUPLE LOCATIONS 













Domestic Water 



FIG. 8 TEST SET-UP SCHEMATIC 
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Ikp 0 1243 

K5£'T EQUIP - ACCEPTANCE OF 

a pc image U-v-n 



XENON LAMP 










FIG. 11A. TYPICAL HIGH POWER SCAN WITH LIGHT PIPE 











65 hack ot ‘he report by a different 

reproduction method to provide 
better detail. 


FIG. 12 LIGHT PIPE 


STAINLESS OUTER TUBE 
*092 DIA 

ST AIMLESS INKER TUBE 
*073 DIA 


n 2 supply 


n 2 

Am. 



j\ 


TO 

VENT 


h 2 GAS SAMPLE 



COOLED OUTER % INNER 
STAINLESS TUBE 

TYPE "K" THEW10— COUPLE 
.025 DIA 


COPPER TUBE 



SPACERS 


FULL RADIUS BRAZE JOINT 


STAINLESS SPACING FINS 


A-A 

VIEW ENLARGED 


FIG. 13 GAS TEMPERATURE MEASUREMENT PROBE 
















FIG. 19 NUS8ELT, PRANOTL VS. REYNOLDS NUMBER CORRELATION FOR RIGIMESH 
MATERIAL R-20-1/2 ( ,l8T POROSITY) 






FIG. 20 KUSSELT, PRANPEL VS. REYNOLDS NIMBER CORRELATION FOR RIGIMESH 
MATERIAL R-J*0-3/8 (POROSITY . 3 &)} R-40-1/2 (POROSITY . 401 ) 
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Pft A ^ p T L J REYNOLDS VS. REYNOLDS NUMBER CORRELATIO 
FOR RIGIMESH MATERIAL R-10-3/8 ( «ll6 POROSITY) 
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FIG. 


2lf ^ ANKCL VS * REYNOLDS NUMBER CORRELATION FOR 

snraaijD stainless steel powders ^^ujuion for 
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Re 

PIG. 25 STA OTON, F RAHDTL, REYNOLDS VS. REYNOLDS NUMBER CORRELATION 
FOR SINTKRH) STAINLESS STEEL POWDERS 
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TABLE I Test Specimens 


Description 

Porosity 

Thickness 

(in.) 

R-lO-l/4 

.093 

.216 

R-lO-3/8 

.095 

.377 

R-10-1/2 

• 08 T 

.455 

R-20-1/4 

.194 

.267 

R- 20- 3/8 

.198 

.383 

R-20-1/2 

.187 

.515 

r-4o-i/4 

.4oi 

.244 

r-J+O-3/8 

-399 

.407 

R-40-1/2 

.408 

.492 

S-lO-l /4 

.1123 

.25 

s-10-1/ 2 

.0962 

.500 

S-20-1/4 

.206 

.248 

S-20-3/8 

.2118 

.369 

S-20-1/2 

.22 

.495 

s- 30-3/8 

.3186 

.375 

C-lO-l/4 

.1101 

.247 

C-lO-1/2 

.1038 

.484 

C-20-1/2 

.1988 

.501 

C-30-1/2 

.3004 

.494 


Mean 

Diameter 

(in.) 

Hydraulic 

Diameter 

(ft.) 

Surface Area 
per Unit Volume 

(ft- 1 ) 

.683 

7.77xl0" 5 

4160 

.754 

8 . 05x10” ^ 

4110 

.716 

6.94xl0”5 

4330 

.675 

2.67x10”^ 

2720 

.754 

2.76x10”^ 

2690 

.707 

—4 

2.51x10 

2780 

.687 

9.05x10"^ 

1780 

.738 

Ji 

8.97x10 

1790 

.670 

9.31x10"^ 

1770 

.734 

5.71X10” 5 

7860 

.735 

4.78x10-5 

8058 

.734 

I.l5xl0” if 

7136 

.730 

1.19x10”^ 

7102 

.73 

1.25x10”^ 

7060 

.732 

1.92x10”^ 

6652 

.749 

3.83xlo“ 5 

11500 

.750 

3.58x10-5 

Il600 

.740 

7.6xlO”5 

10500 

.703 

1.23x10“^ 

9790 
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APPENDIX A 
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TABLE a- 3 Low Temperature Isothermal Test Specimen R-20-1/4 


£ a .194 L - .267 A = 

S * 2720 ft* 1 d ■ 2.67xlO~V. n ■ 3.9 


P,_ 

UT> 

^dn 

P 

T 

m 

Re 


R®/ 

RSI 

(■psi) 

(•DSi) 

IH 

nssr 










1 

| 

HSHi 

KM 

190 

526 

2.14 

96.6 

S9 

BBHSi 

warn 








4 29 

21 


526 

4.66 

210 

1.02x10 7 

2.91X10 5 



j 






482 


460 

526 

5-20 _ 

234 

1.28xl0 7 





lIMHi 




| 

635 


610 

526 

mrm 

312 

2.22X10 7 

pp^n9 


■ 





| 

1 

782 

28.3 

754 

526 

WBSM 

397 

ESS99B 










849 

28.9 

820 

526 


421 

3.99xl0 7 

5.85X10 5 









1044 

HSEH 


526 

11.7 

528 

6.04xl0 7 

7.34xl0 5 



HHHi 



Bjfpm 

I 

| 


28.9 

822 

KB 

1 

wsm 

H5H 

US® 1 








] 

727 

26.3 

697 

527 


352 

$3£35Em 



— 







422 


399 


4.52 

203 

MSSSm 

w$Mgi 


paMM 





|| 

11 

55 

28 

23 

Em 1 

1 

16 


i8sn 





| 


| 

aHppi 

63 

29 

31 

542 

■n 

21.1 











69 

29 

37 


.504 

22.3 

1.87x105 

3.09x10^ 








pMSai 

112 

29 

80 

msm 

1.04 

246.2 

— 









WKBKM 

BMI 

123 

29 

91 

548 

1.12 

49.3 

332229 








|| 

| 

332 

31 

298 

548 

3.72 

164 


lEH 
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TABLE A-4 Continued 


Specimen R-20-1/ 2 



94 


v-n v-n I 
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TABLE A-7 


Continued 


Specimen S-20-1/2 



101 
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TABLE A-10 Continued 


Specimen C-20-1/2 
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-TABLE A-U Elevated Temperature Isothermal Test Specimen R-10-1/4 


If = .093 L = .216 in. A » s a 4l60 ft " 1 D = T.7T x 10"5 ft. n = 3.9 


lEPH 

Pdu 

P 

Ti* 

t 2 

— 13 

~*k~ 

MB1 

m 

Re 

Biiii 

Re/ 


(psi) 

(psi) 

(psi) 

(R) 

(R) 

(R) 

(R) 

IH 



■ 



I 

— 


Ml 

| Wmm 

| 


1 






I 

1 

1024 

tt&jw 






3.2 

6*18x10^ 

4.92x10^ 


1 

| 



WHKH 



w^m 







M!M 

828 

1676 





1 

■BM 

Mpjg 

EBWIS 


ns 

BMW 

!HH | 


BMW 

| 

WHKM 




BMW 



wsm 

1 

■ SI 

1661 


BMW 

wm 

l64o 














JWSB 



| 


916 

507 

4oo 

1640 

-1598 

1603 

1620 

1615 

.238 

1.46 

1.55X10 5 

5 

2.25x10“ 















717 

498 

210 

1587 

1544 

1561 

1566 

1564 

.152 

.957 

7.49x10^ 

1.47X10 14 















1453 

476 | 

970 

_ . 

1197 . 

1192 

1189 

1100 

-S76 


1 

6.72x10^ 















1280 

487 

786 

1204 

1159 

1155 

n48 

1166 

.495 

3.8 

8.l6xl0 5 

5.85X10 4 















1096 

519 

570 

1176 

1155 

H53 

1147 

1158 

.392 

3.02 

5.5xl0 5 

4.66x10^ 















924 

505 

4io 

1151 

1139 

n4o 

n4i 

1143 

.311 

2.42 

3.62xl0 5 

3.72x10** 















704 

. 506 

190 

1126 

1126 

1126 

1139 

1129 

.181 

1.42 

1.46xl0 5 

5 

2.19x10 





























♦See Figure 6 for thermocouple locations 
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TABLE A- 12 Elevated Temperature Isothermal Test Specimen R-20-1/4 

Y - .194 L -.267 A 3 ZtirxAz&sr** 3 2720 ft" 1 d = 2.67x10"^ n = 3.9 



^du 


■M 

■I 

wKmJPWHt 

| 

mm 

T 

| 

Re 

fRe 2 




■cSSI 

1 

1 

■SM 

fesi 

BSSB 

1 

iSMm 




llfljj 


1 


| 



| 



jjjjj 





267 

§2 



1832 

1817 

1716 

1848 

1.29 

24.9 






| 








|| 



498 

— 

1 

2004 

1 


RsSSB 

■BBB 

2.24 

42.6 

HWI 








mm 





| 



631 

11 

-- 362 - 

2107 

1996 

BB5S1 

1882 


3.33 

61.2 

9.66x 10 5 

r u 

fi.SIxlO 









^^9 






801 

24 

714 

2092 

2018 

1996 

1904 

2001 

4.48 

82.2 

1.55xl0 6 

1.14x10' 




— 











, 1091C 

—13k 

-.964 

2032 

1992 

-1957 

1882 

1965 

6.01 

112 

3.0x10° 

1.55x10' 















aafi— 

. ... 105 

zak 

... 2Q67 

—2018 , 

1987 

1900 

1993 

4.62 

85.2 

c 

1.91x10 

C 

1 * 18 x 10 " 















Z 62 _j 

20 

680 

2005 

-19.65- . 

1921 

1848 

1235 

4.35 

81.6 

1.53X10 6 

1.13x10' 


— 














6l_ 

478 

2001 ! 

- -1935 

1904 

1817 

... 1913 

2.83 

53.4 

7.72 x 10 5 

7.43x10^ 



! 



i 











26_ 

292 

2067 

1921 

1900 

1800 

1861 

1.62 

31.2 

3.06x105 

4.34x10^ 


- — — ' 1 












( — 








... . 

| 

• 



— 

! 


























— 


4?Sae Figure 6 for theisaocouple locations 
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TABLE A-13 Elevated Temperature Isothermal Test 


Specimen R-20-1/2 



*See Figure 6 for thermocouple locations 










































































#See Figure 6 for thermocouple locations 
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TABLE A-15 Elevated Temperature Isothermal Teat Specimen S-20-1/4 


£ a .206 L = .248 in. A = 2 . WxsaT 3 <*=?'*' S = 7.36 ft" 1 d = 1.15x10 ^ft. n a 3*8 



*du 

P 

■H 

mm 

H3I H 

t 4 

T m 

He 

fRe 2 



■uni 

hhh 

BHSI 

1 

na 

m 

in 

(R) 

mm 



gBj 


[ 









— , 





mm 

18 

Bl 

1886 

1704 

1693 

1650 

1733 

.456 

U96 

2.24xl0 4 

3.88x10- 


r 

















39 

1 



II 



1.46 

12.1 

HBBBi 

IBiSBI 


\ 

f 













887 

55 

1 

HfP^H 

HHwt*JH 

KSEH 

HJ85H 

HH9 

2.08 

17.4 

fSEBS 

regia 
















I 

Liq6jl_ . 

69 

. _994 

. 1977 

1900 

1853. 

1803 

1883 

2.64 

21.8 

2.39XIO 5 

2.13x10^ 





■ 










842 1 

- 51 

_ _I94_ _ 

...1957 

1864 

1818 

1755 

1849 

1.94 

16.2 

1.58xl0 5 

1.58x10^ 















-_J 6 kz 

37 

610.-, ■ 

m6 , 

1810 

1751 

1691 

..... 1792 

1.38 

11.7 

9.95x10^ 

7i 

1.14x10 







- . 








458. 

25 

434 

1923 

— 1759. ... 

1716 

1633 

__ .1758 

.901 

7.77 

5 .24x10** 

7.6x103 















273 

17 

256 

1903 

1708 

1691 

1649 

1738 

.394 

3.43 

1 .9x10^ 

3.36 x 10 3 





1 

- . - - 

















_j 





1 








































1 



■ 








, ....™ 


*See Figure 6 for thermocouple locations 
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TABLE A-l 6 Elevated Temperature Isothermal Test Specimen 3-20-1/2 

.22 L - .1*95 in. A = 2.9/X/4-3 $ =, 7060 ft " 1 d = 1.25xlO“^ft n = 3.8 


p up 

Bi 

P 

mm 


T 3 

T 4 

T 

HHEHPl 

Re 


EBB 


(psi) 

Bin 

im 

n 

(R) 

1 ... M 

(R) 1 




















T 38 

489 

252 

2076 

1848 

1835 

1822 

1895 

.891 

7.9 


6 . 4x10 3 












mm 



941 

496 

448 



|. - . . 

1848 

1852 

1885 

1.47 

13.1 


El 

1.06x10 















1142 

501 

642 

2076 




1947 

2.0 

17.4 


HWS 















1315 

508 

806 

2058 

1926 

1935 

1948 

1987 

2.43 

21.2 . 

i. 68 xicA 
















1500 

508 

992 

1974 

1904 

1904 

1905 

1922 

3.0 

26.4 

2.4x105 

2 .l 4 xl 0 4 















1340 

489 

854 

2027 

1908 

1908 

1908 

1938 

2.58 

22.5 

I. 85 XIO 5 

1.82x10^ 




. 











_j m 

.499 

598 

2081 

1921 _ 

1926 __ 

1930 

_ 1965. | 

1.88 

16.3 

1.09X10 5 

1 . 32 x 10 ** 


J 












916 • 

502 

4 l 4 

2054 

1891 

1986 

1882 

1928 

1.36 

n.9 

_ jj- 

7.05x10 

9.65XIO 3 



"1 








! 




703 

494 

208 

1948 

1807 

1796 

1783 

1834 

.78 

7.07 

3 . 35 x 10 ^ 

5 . 73 xl 0 3 



















1 












• 1 











J 


i 











*See Figure 6 for thermocouple locations 

































<^Sae Figure 6 for thermocouple locations 
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TABLE A-18 Elevated Temperature Isothermal Test Specimen C-lQ-l/2 


y = .104 L = .484 in. A = S = 11600 ft” 1 d = 3.58 x 10 ^ ft n = 2.8 


■PH 

■n 

p du 

P _ 

Ed 

■9 


KM 

T 

m 

j i 

Re 

fRe 2 

Re/ 


■hrh 

nn 

IKS 

RISK 

■m 

■RSI 

■I 

RSK 



















■SH 


WSSM 

1647 

l48o 

1479 

1478 

1521 


.358 

















924 

518 

4l4 

1659 

1490 

1490 

1490 

1533 

,200 

.386 


4.52xl0 2 












r~ — — 



II 

■PSflB 

SS 

1661 

1518 

1518 

I 

BUS 

Si 

1 

■BUS 

KBS 


|| 






kk 







.1303. _ 

... 503 

806 

1684 

1520 

.1521 

1521 

1562 

.369 

I.07 

1.45x1(^ 

8.26xl0 2 

















.078 

1659 

1525 _ . 

1525 

1525 

1559 

.447 

1.29 

. 4 

1.96x10 

9 . 96 x 10 2 















1117 

487 

636 

.... 1727 

1531 j 

_ 1529 

1528 

1579 

.279 

.799 

9.89x1C? 

6.17xl0 2 















896 

518 

382 

1693 

1536 

1535 

1535 

1575 

.181 

.52 

5.28x10? 

4.02xl0 2 















735 ' 

.. 504 

.236. 

1633 

1504 

1504 

1504 

1536 

.120 

.35 

3 . 03 x 10 ^ 

2.7xl0 2 









































... 


















J 








J 














*See Figure 6 for thermocoi$>le locations 
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TABLE A .-19 Elevated Temperature Isothermal Test Specimen C -20-1/2 

$ « .199 L = .501 In. A - ?' S ' e 7~* S = 10500 ft 1 d « 7 .6x10“ ^ ft n = 2,8 


^up 

p du 

p 

V 

i 

mm 

T4 

T 


Re 

fRe 2 

Re/ 


( t \ s ±) 

f-nsi^ 

{•DSi} 

(R) 

(r) 

181 

(R) 

(R) 














■ 



MMi! 


warn 

17 


WSSM 


mhm 

1422 

BSSH 

RB ; 

2.08 








1 

| 





I 1 



m 

20 

408 

1667 

— 

1367 

1376 

1380 

1447 

.664 



4.29 

















599 

26 

572 

1809 ! 

1469 

1477 

1485 

1560 

1.04 

6.42 

















800 

37 

! 764 

1766 

1544 

1553 

1561 

1605 

1.46 

8.8 

2.89xl0 4 

1.51x10- 















1036 

1*9 

988 

1787 

1587 

1595 

1603 

1643 

1.99 

11.8 

4 . 59xl0 4 

2.02x10“ 















■ 

PkQ 

3Q 

810 

1774 

15.82 

1592 

1597 

i64o 

1.54 

9.16 

3.1x10^ 

1.57x10” 















c;T7 

p 3 

^12 


1519 

1523 , 

J1532L. 

. 1581 

.922 

5.61 

1.34x10 4 

9.6lxl0 2 


""""*!*■ O i 









1 





20 

4l4 

1697 

1469 

1477 

l48l 

1531 

.656 

4.09 

9.5xl0 3 

7.01X10 2 















261 

16 

244 

1625 

l4l4 

l4l8 

1422 

1470 

,30 

1.92 

3 .76x10^ 

3 . 29 xl 0 S 























































#See Figure 6 for thermocouple locations 
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TABLE B-l Heat Transfer Test Specimen R-10-3/8 


f » .095 L » .377 In. A = 3.10x10 ft S a *010 ft” 1 d a 8 .05x10 ” 5 n - 3*9 



wm 

^dn 

MU 

* 

T w . 

1 


Tlm 


Re 

fRe 2 

Re/oo-j): 

SKec) 


(psl) 

JjisI) 

KM 

■SH 

RH 

(Rl. _ 

1r) 

WtT 

•sec . 1 







PHH 










0 . 

1 


m 

1 





,465 

6.35 

1.48x10^ 

9.1x10^ 


| 


! 










0 

1 

_^6 







.41 

5.61 

1.2xl0 6 

jr 

8.03x10 


|| 

ppp 

| 

| 









-0- 

!RSI 

m 

n 

'BRBI 





.361 

4.95 

9.72xl0 5 

7.09x10** 














■ CL. 


. 

•513 

517 . 





.308 

4.23 

7.34x10 5 

T 

6.05x10 







_ w 








0 

_!i22 

33 

424 

517 





.24? 

3.39 

5.1X10 5 

4.85x10** 














0 

387 

32 

353 

518 





.201 

2.75 

3.58x105 

3.94x10** 














0 

3^9 

31 

286 

519 





.161 

2.2 

2.42xl0 5 

— .j. 

3.15x10* 














— ,< 

__233 

30 

202 

520 





.109 


l .28xl0 5 

2.13x10** 














Q 

212. ... .. 

2SL 

181 

.520 

\ 

1 - 




.0974 

1.33 

1.04xl0 5 

— nr 

1.9x10 




. i 


r 

l 








7»5 

830 

39 

789 j 517 

; 530 

731 

649 

-580 

,477 

6.08 

1.3x10^ 

8.7x10^ 





1 

..... 









7«5 ! 

538 

35 

501 

517 

531 

806 

683 

596 

.279 

3.48 

5.08xl05 

4.99x10** 


**$«e Figure 6 for tbexsaocouple locations 
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TABLE B-l Heat Transfer Test Specimen R-lO- 3/8 

f - »095 L » .377 in. A = 3*10x10 ^ft 2 S = 4110 ft " 1 d = 8 . 05 xl 0"5 n » 3.9 


pDH 



S3 

gn 

wwm 

im 

T^u, 

Ten 


Re 

fRe 2 


mm 


m 

IIHH 

1 

tsm 

rm 

wsm 

BB 

llb/ftf 






1 

I 

WHHSi 

SMI 








7.5 

538 

Bjfl 

mi 

1 

NS9I 

808 

690 



3.47 

5.01x10^ 

23 

4.97x10 


HM 







ijm 





Wil 


1 

502 

520 

.IKS 

810 

mm 

601 

.279 

3.46 

4.99x10^ 

4 .96x10^ 














7-5 , 

540 

—21 

-^03 

_aB_ 

532 

812 


602 

.281 

3.48 

5 .OlxlO 5 

4.99x10^ 














-„7-5 

360 

32 

326 

520 

532 

—935 

740 

624 

.161 

1.95 

2.03x10^ 

2 .79x10^ 














2*5 j 

295 

_ 31 

262 


532 

1050 

74i 

624 

.117 

1.42 

1.36x10^ 

— "u 

2 .03x10 





’ 











266 

30 

234 

522 

533 

1153 

754 

631 

00964 

1.11 

9.88x10 4 

1.59x10^ 









.... 






- -336 

32 

302 

522 

533 

.997 

761 

634 

.144 

1.73 

1 .72xl0 5 

2 .48x10^ 



— 












— fe38 — 

—34 

1 — 396__| 

520 

_ 533 

:_893 

716 

6l^ 

.206 





1 












7.5 

460 

aat 

-.421 

520 

533 

873 

709 

610 

.224 

2.76 

3.49X10 5 

5 




L_^ 









16 

8feZ_ 

4o 

805 

520 

533 

928 

793 

-647 

.471 

5.58 

1.04x10° 

7.99x10^ 




1 

| 









*5 ' 

622 

36 

583 

520 

533 

1043 

860 

676 

*313 

3.6 

5.1x105 

5.15x10^ 


■®Sqq Figure 6 for thermocouple locations 


























TABLE B-l 


Heat Transfer Test 


Specimen R-3 


2 

g - .095 L => .377 in. A =» 3.10x10 ■’ft S 




Pdn 

A P 

EH 

Bi 

rpbbi 


inns 

IRI 

1 

BIB 

181 1 

IH 

RBB 

IBBB1 



| 






TS 

1 

34 

BS 

522 

rm 

IH 

KS9B 









IS 

mm 

.... 32 

378 

522 

mil 

1448 

1006 






1 

RBMl 


IS 

360 

31 

326 

53M 

MB 


1077 



. 






IS 


30 

KM 

526 

1 

1840 

1061 


1 

1 






15 

365 

32 

331 

526 

535 

1625 

1077 










IS 


33 _ 


li 

535 

1368 

996 


fl|HB 







IS 


31 

362 

522 

1 

1674 

1012 









15 

BR?RI 

29 

1 


mm 


1116 






| 


1 

1 s 


31 

1 

1 

Hi 

:1PM 

II 








Ml 

HMB 

IS 

444 

32 

412 i 524 

1 

iksbi 

E!9B 

mm 

t.; . ^ 




i 



mm 

490 

— 


523 

536 

1346 

939 


*See Figure 6 for thennocouple locations 


'-3/8 
. 4no ft 


d « 8.05x10 


n = 3.9 
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TABLE B-l 


Heat Transfer Test 



Specimen R-10-3/8 
*t 2 S - 4110 ft** 1 


5 


d = 8.05x10' 


n » 3.9 
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TABLE B-2 Heat Transfer Test Specimen R-lO-l/2 


f = .087 L - .455 in. A 1 2.8xlo“ 3 ft 2 S = 4330 ft" 1 d = 6.94xlO~5ft n » 3*9 



rm 

^dn 

A p 

Tf co 

mm 

MM 

EXSJSmm 

Tfi M 

rn 

1 LTi 


Re 

fRe 2 


mm 

fosi} 

(osi} 

(osi) 

(R) 

(E) 

lR) _ 

DM 

RSI 

IGp7£S a 

















0 

560 __ 

35 

525 

517 





.204 

2.42 

4 .45x105 

QQSE9 














0 

T88 

37 

750 

516 





*303 

3.59 

8 .83x105 

ebsbi 














0 

1001 

38 

964 

516 





.404 

4.78 
















n 

fqf> 


64i 

Sl6 





.249 

2.95 

6.5xl0 5 

5.76x10^ 














5^8 

_ 962 

.36. _ 

924 _ 

521 , 

522 

982 

657 

586 

.354 

3.87 

9.9x10^ 

7.54x10^ 














5®8 

808 j 

35 

771 

520 

523 

1029 

672 

593 

.282 

3.05 

6.74x105 

5.94xK>4 







j 




1 ,r i 



5 08 

725 

35 

688 

521 

523 

1049 

677 

596 

.241 

2.6 

5.38xio5 

5 .06xl0 4 









1 


1 



5,8 , 

521 

33 

486 "~j 

522 

526 

1166 

715 

613 

,153 

1.62 

2. 58x103 

3.16x10^ 

j 



- 






i 




S-8 j 

198 , 

31 

LJ - l i 

,365 

523 

531 . J 

1333 

706 

610 

.0984 

1.04 

1.51X10 5 

2.03x10^ 




1 

i 


i 


. 




5.8 I 

519 

33 

484 

523 

529 

1170 

7.23 

; -618 

.152 

1.6 

2.51x10^ 

3.11x10^ 

| 













jaft- 

69k 



; 656 ' 

,?2g.. 

526 

1073 

695 

604 

,227 

2.42 

4.75xl0 5 

4.73x10** 


«See Figure 6 for thermocouple locations 
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TABLE b- 2 Heat Transfer Test Specimen R-lO-l/2 


f a .087 L a .455 in. A a 2.83ao“ 3 ft 2 S a 4330 ft” 1 d a 6.94xlO~ 5 ft n a 3.9 


<1 

mm 

Pdn 


mm 

T mo 

T mw 


mmm 

HSBHH 


Re 

fRe 2 

R e /[fo-*r 

BEfci 


Xssll— 


IS 1 H 


n 

IB1 

mm 

iSBESl 

IHH 




| 




| 








7.8 


1 

KSHi 

. 522 

wtm 

1176 

mm 

627 

.256 

2.67 

5.5xl0 5 

CPWMI 



WHSSt 










l 

h 

-544 

| 


mm 

mm 

1382 

816 

659 

.151 

1.52 

2.38xl0 5 





|BSH 

Hi 








| 

7.8 

462 

26 

m 

mm 

533 

1560 

844 

672 

.113 

1.12 

l .65x105 

EWSSfBfl 








H 






——7^8 — 

—774 

30 

- 742 . 

-523 

529 

1227 

776 

64l 

.249 

2.56 

5.l6xl0 5 

4 . 98 X 10 4 














11 

804 

30 

772 

523 

529 

1453 

855 

675 

.248 

2.46 

4.95x105 

4 . 81 X 10 4 



1 












604 

28 

574 

526 

533 

1679 

922 

706 

.159 

1.53 

5. 53x10? 

2.99x104 














n 

512 

27 

483 

529 

540 

1893 

963 

724 

.115 

1.09 

1«7x10?~ 

2.13x1q4 














n 

L— 6S2— 

— £2 

£55 . J 

528 

- -535.. , 

1549 

: 895 

695 

.196 

1.91 

3.37x10 5 

3 . 72 x 10 ** 











\ ' 

i 

i 



11 

773 

30 

741 

526 

533 

1454 

871 

684 

.233 

2.29 

4.43x10? 

4.47x10* 




! 









P_ 

— i55— » 


—623. I 

523 





.235 

2.72 

5.56x105 










~ ■ — » H 




5.29x10^ 

0 

500 

29 

468 

522 





.163 

1.92 

3.39x105 

3. 74x10^ 


^See Figure 6 for thermocouple locations 






























K> 

■C- 


TABLE B-3 


Heat Transfer Test 


Specimen R-20-1/4 


•19*> L » M5 in« A » 2.48xlO" 3 ft 2 S = 2720 ft " 1 a « 2 . 67 xl 0 ~Vt n = 3.9 



»See Figure 6 for thermocouple locations 
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TABLE B-3 Heat Transfer Test Specimen R-20-1/4 


f » .194 L = .455 In. A = 2.48xl0“ 3 ft 2 S = 2720 ft -1 d a 2,67xlO" 4 ft n = 3.9 


a 

— 

-^up 

Pdn 

A p 

B 9 

— ■ 

lERB 




Re 

fRe 2 

"~Re^r^ 

wHmm 

fpsl) 



1e§JJ 

J& 

_&) 

.00 

I 

7r) 

(lb/ ft 2 

-SPC * ) 









| 









81 

3L_ 

[—13 

527 

wm 

1099 

740 

627 

.642 

25.8 

2 . 18 x 10 5 

3.58xl0 4 



IffWfff 

| 










7 ^ 3 .— 

81 

imeh 

1 

527 

529 

1098 

743 

629 

.64o 

25.6 

2 .l 6 xl 0 5 

HEWS 




| 

1 

MW 








15— 

TIP 

32 

B 3 H 

1 

1 SB 

1067 

598 

565 

.743 

318 

2.37X10 7 

4.42x105 














_ 13 


32 — 

—356. 

533—. 

534 

1159 

649 

589 

3.92 

164 

6 . 29 x 10 6 

2.28x10* 














15 

- 149 | 

, 32 _ 

_ m 

— 53Q__. 

531 

1403 

780 

647 

1.36 

53.4 

7 . 32 xl 0 5 

7. 4 3x10^ 














.,-^5 ■ 

84 

29 

57 

530 

532 

1595 

975 

730 

.661 

18.8 

jl.65xlo5 

2 . 62 x 10 ^ 














15 

58 

28 

32 

529 

532 

1763 

1209 

823 

.376 

12.6 

5 . 34 x 10 ^ 

1.74x1a 4 














2$ - 

51 

28 

25 

529 

-533 

-1809 

1274 

848 

1 .291 

9.54 

3.56x10^ 

1 . 32x10* 














15 j 

—gg_ 

2g_ 

51 | 

529 | 

531 

1463 

924 

708 

.622 

23 

1.61x10^ 

r 

3.2x10 




J 

> 



L 

| 



i 



15 1 

148 

33 

nfi i 528 

530 

i 1257 

737 

-627 

1.35 

54 

7 . 69 x 10 5 

7.5x10^ 

-—A 



1 

1 









i t 

IS j 



37 

59T 1 529 

529 

968 

^601 

564 

6.59 

283 

1 .86x10^ 

3.94x1C? 


«See Figure 6 for thermocouple locations 
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TABLE b- 3 Heat Transfer Test Specimen R-20-1/4 


f =* L = .455 in. A > 2.it6xl0" 3 ft 2 S = 2720 ft" 1 d - 2 . 67 xlO"Vt n » 3.9 



EffMi 

p dn 


mm 


If 


ESH 


Re 

fRe 2 


mm 

nm 

fmm 

mm 

mm 

1 

mm 

1 


KSHgi 

>P»| 




mm 

laiBi 




1 


jgBj 


— 


* — - 

— 15 

— £32 

31 

--595 


1 


1 


^3 

H 

1 - cU 

5 

0 rw*T 




BWWi 




ionium 



i|iHi 



0 

-JPI 

32 

m 

526 





5.21 

















0 

333 

34 

301 

526 





3.39 

153 

6 . 08 x 10 ^ 

2.12x105 

























— H 








... 









































































































1 • 

1 




i 






i 

1 





1 







- ' ■ ■ ' — — 9 



! 

















* 
















* * 

















'>See Figure 6 for themocouple locations 
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TABLE Heat Transfer Test Specimen R-20-3/8 

f =» .198 L =« .383 in. A • 3.10x10“ 3 ft 2 S = 2690 ft -1 d = 2.76x10"^ n = 3.9 


q 

-^up 

p dn 

A p 

m 

T r^o 

lEMi 


sera 


Re 

fRe^ 

Re/t to-v2 

IfiafHJ 

Isail 

(pel) 

.... 

JH} 

(R) 

(R) 

M 

(R) 

(lb/ ft* 

i 





> 



| 









-If 5. 

4o 

24 

16 

1 

522 

MSB 

■nm 

BESS 

mm 

MSB 

SSS3 

MB 

■ 



B8MM 



: 1 

1 







1 

■ ESI 

23 

1 

520 

522 

1 

1280 

844 

PSB 


BBS 







l| ■ 

■ ■ 





| 



Bj^g 

7.5 

92 

SB 

k* 

500 

■ 

■Erara 

HI 


■m 

.472 

20.3 

1.98xl0 5 

2 . 66 x 10 ^ 














7.5 

76 

*+3 

33 

500 

504 

909 

739 

612 

.354 

14.9 

1 .14x10 5 

1.95x10^ 















7.5 

62 

4o 

_ 23 

502 

501 _ 

967 

815 

646 

.251 

10.2 

7 £ 

6.02x10 

— — — j. 

1.33x10 














^ .. . 

- 57 


— A 9 - 

_ 503 

506 

10Q3 

_ .882 

675 

,211 

8.34 

U . 2 fi* 3 f 1 

^ 0Qv1o 4 














7.5 

52 

_3L 

15 

504 

508 

1056 

r . 966 

710 

.174 

6.65 

2.75x10^ 

8.7x10 3 








‘XV 






7.5 

48 

36 

12 

504 

509 

1124 

1068 

751 

.139 

5.13 

1.82xl0 4 

6.72x10 3 














7.5 

44 

_2k 

10 

507 

513 

1266 

1239 

819 

.100 

3.45 

1.14x10^ 

. 

4.52x10 3 

1 



! 1 









Li5 

Sk_ 



14 

505 

510_ 

1086 

__ 999 

-724 

.163 

6.15 

2 .42x10** 

8 „06xKr 




; 


1 










__ 55 __ 

. 38 — 

17 i 

504 

5Q8 _ 

1044 

-0131 .. 

696 

... .491, , 

— L*4 


9jJ&x10 3 


«See Figure 6 for thermocouple locations 
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TABLE B“4 Heat Transfer Test Specimen R-20-3/8 

f = .198 L ** .383 In. A « 3.10xlo’ 3 ft 2 S - 2690 ft’ 1 d a 2 .76x10” ^ n = 3.9 


1 



^dn 

A P 

* 

T mo 

on 


n 


Re 

fRe 2 

Re/cfO-^J 


JpsU- 

(psJL) 


Jfi) 

(R) 

(R) 

... (Rl 

RSI 1 

mm 


















60 

40 

21 

504 

mm 



662 

R 

OJ 

• 



IRffil 


■wSiS 


BWM 

ms 







| 


15 

'fen 

BB 

mm 


1 

860 

1 

■9 




2.4xL0 5 










n^H 




15 

382 

31 

350 

517 

517 

909 

657 

584 

2.58 

112 

4.7xl0 b 

1.47x10 5 
















189 

30 

158 

517 

517 

1011 

.761 

631 

1.18 

48.6 

9.32xl0 5 

6.36x10 4 














_JL5 j 

161 

__2 2 

132- 

517 , 

518 

1045 

8o4 

650 

.984 

39.7 

6.32x10 5 

5.21xl0 4 














15 

115 

26 

88 

518 

520 

1092 

903 

693 

.658 

25.5 

2.71xL0 5 

3.34x10 4 














15 

73 

25 

Vr 

518 

521. _ 

1214 

1101 

773 

.357 

12a8 

~ 7g3ao 4 

1. 68x10** 














-.15 , 

- 

—ZL 

28 

52Q 

522 

1469 

1304 

853 

.218 

7.34 

3. 08x10^ 

9.62x10“ 

















a_ 

__26 

24 

520 

522 

| 1576 

1424 

897 

.183 

5.96 

4 

2.2x10 

7.8xl0 3 




| 

i 

. 

1 


i 






..AS—- J 

^ 

26 

22 j 

520 

1 

523 

1697 

! 1517 

-931 

«l66 

! 5.27 

■1 .79x10** 

5" 

6.9x10 




1 










-JL5 

296 

. 35 

260 

518 

..ST , 

52*> 

.—gg- 

3 * 

1.96 

92.7 

3.71xl0 6 1 .21x105 


*See Figure 6 for thermocouple locations 






























u> 

o 




*See Figure 6 for thermocouple locations 
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table 

B-5 

r 

Hea 

/- 

•t Transfer Teat Specimen R-20-1/2 

.187 L = .515 in. A = 2.73xl0" 3 ft 2 s « 4330 ft ’ 1 d = 2.51xl0 _4 ft n * 3.9 





MSI 




Tm 


Re 

fRe 2 

— r ' r " " 

R^/cp (i -#) -1 




IWM 

1 


H 


IM 





1 

MHH 

i 


Mm 

m 


gM| 


,IMM 




—7.5 

im 

KM 

ISSMI 

-530 

wtSM 

BB 

(SI 

Mi 

IBM 



2.73xl0 5 














7.5 

4l8 

29 

384 

530 

529 

856 

629 

578 

2.24 

888 

3.38xlO b 

1 . 38 xl<? 






Mpp 

1 







7.5 

242 

—3g.— . 

205 

530 

B33 

n 

1 

615 

1.23 


M 

fPPISRfl 














7-g 

lBo 

20 

■ 147 

—530 

529 

L038 

756 

638 

.863 

32.1 


— — j- 
It oAvi n 














—7.5 

134 

27 

-J&3 .... 

530 

_329 

U24_ 

8l4 

662 

.592 

21*5 

2 , 39x10^ 

3.34x10^ 














7.5 

101 

27 

70 

531 

529 

1187 

899 

699 

.422 

14.8 

L.l4xl0 5 

T 

2 . 29 x 10 















—25 — J 

26 

46 

—531 

— 529 

[327 

1045 

759 

.276 

9.16 

*. 89x10^ 

1.42xl0 4 














-Jk5_ 

—is _ 

27 

34 

531 

531 

k454 

1204 

822 

.203 

6=37 

2=71x10^ 

9=88x10 3 














— ^5 — 

55 

- 26 

— 26 

- 531 

531 

1599— _ 

1403 

897 

„l47 

U 

4.37 

1.49x10^ 

6*77x10^ 

~ ■■■■ ■■— t 



! 

■ i 










Z-a5 1 

S8 i . 

25 

24 i 

-529— 

531 

1650 

1544 

948 

.128 

^«66 

4 

.15x10 





1 

i 







- ^ ov " — < 


j © vwju,y 

— L>L_ 

w. 

67 

. & . 

36 I 

529 

531 

tij§ 

ii3°_ 

792 

=222 

1 — - — , 

7=15 

3=27x10^ 

1.11x10^ 


*See Figure 6 for thermocouple lesafcioEa 
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TABLE B-5 Heat Transfer Test Specimen R- 20-1/2 


} » .187 L * .515 In. A * 2. 73x10“ 2 s * 4330 ft" 1 d « 2.5l3ao” U ft n * 3,9 



691 

p dn 

A P 

mm 

T mo 

py 


mm 


Re 

fRe 2 


ItWtlS. 

VMl 


msm 

im 

RSH 

HI 

rrnrn 


HSU) 




BWiB 


i 


■ 

■ 

| 




|| 







61 

1 

1 

1220 

1 

^3 



9.91x10^ 

2.09x10^ 

1 




| 

1 

1 



ggi 




mm 

1 

n 

§7 

1 


IBS 

827 

668 




BBH 




1 

| 

| 




■gl 

MMj 


■ 

X.,5 .... 

204 

36 


1 

■HI 

BB 

J723 

623 

.996 


6.7xl0 5 

4 

5.84x10 











|^l 




— 3ML. .. 

__3& 

_3S£_ 

-535 

532 

878 

665 

598 

1.81 

70.5 

fT 

2.13x10 

1.09xl0 5 














—I*. 5_j 

6l4 

— 38 

173 . 

534 

532 

788 

622 

577 

3.42 

136 

(i 

7.43x10 

2.11xl0 5 








■ 






! is 

^JTSQ. 

«_35 

735 

533 

532 

-997 

66 0 

594 

4.33 

169 

l.llxlO 7 

2.62X10 5 















qqi 

30 

sss 

533 

532 

.1072 

692 

609 

3-26 

125 


1.94x10^ 







i 







3-5 

-430 

_£9 

396, 

5.33 

532 

1168 

732 

627 

2.30 

86.6 

2.98x10^ 

1.34xl0 5 




— 










- *5 

247 

_22 

-215 1 535 1 

533 

1376 

849 

680 

lo22 

42.7 

7.76S10 5 

6.62x10^ 




! 

[ 


L 






15. j 

-2g9 

29 

— 158, 1 

_535_^, 

L_533„ 

1494 

944 

-720 

.885 

30.4 

4.lxl0 5 

i 4.71x10** 

— 

___li 


- 


- ' ’ 





r 


15 

146 1 28 i 

us. 

535 

533 


1074 

773 

.644 

21 

2.01X10 5 

3. 27x10** 


Figure 6 for thermocouple locations 
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TABLE b- 6 Heat Transfer Test Specimen R~4o~l/4 

f =* .401 L = .244 in. A 3 2.57xlo“ 3 ft 2 S = 1780 ft” 1 d » 9.05x10°^ n = 3.9 


B 

G 

^dn 

A P 

I 

— B 





— 

Re 

fRe 2 

Re/CfO-jT 

IHrSsfSS 

wmm 

msm 


RSHI 

wfsttn 

mm 

bsh 

mSM 

WHf 

-sec.) 

















0 

51 

30 

21 

522 





2.24 

343 

















0 

63 

35 

28 

524 





2.93 

448 

2E2E2 

l.l&dO 5 












1 


0 

76 

^ 

2L_ 

526 





3.69 

563 

7T 

4.5x10° 

1.46xl0 5 














0 

84 

•■ ■ u ,.J 

39 

44 

527 





4.18 

64o 

5.77slO fa 

1.66x105 














0 

4o 

29 

10 

524 





1.42 

217 

7.34xlo5 

5 .65x10** 














7*5 

75.2 

30.2 

44.4 

495 

497 

722 

520 

507 

3.94 

624 

5.65XIO 6 

1.62x105 














7.5 

46.5 

21.7 

24.6 

^496 

497 

773 , 

/ 535 

515 

2.24 

354 

2.02xl0 6 

9.2xl0 4 














7.5 

32.7 

20.8 

11.7 

496 

498 

817 

551 

523 

1.30 

206 

7»55xl0 5 

5.36x10^ 



r 

>-■ . ■ - . . 




f 







7.5 

29.0 

20.7 

8.1 

496 

498 

844 

564 

529 

1.02 

l6l 

4.85x10 5 

4.19x10** 




L-^J 

i 








7.5 

r 

30.6 

2608 

3 08 

496 

4.99 

897 

688 

I 3 87 

o715 

i 113 

2.62k10 5 

2.94x10** 








1 ' ' 







7.5 

24.3 

22.1 

2.0 

497 

502 

1004 

653 

571 

.436 

68.9 

lollxlO 5 

1.79x10** 


GS 3 Q Figura 6 for themocoi^la locations 
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TABLE B-6 Heat Transfer Test Specimen R-40=l/4 


f * .401 L a ,244 in. A a 2.57x10”^ S » 1780 ft d = 9,05x10 ft n a 3,9 


q 

-®up 

Pdn 

A P 

BIB 

T PWO 

w 


^LM 


Re 

fRe 2 

ReAf(,-f); 

mm 

J & siX — 

rrh 

IRH 

!■ 

■H 

RUB 

IW1 

IH 

fengi 




WSKH 








— — — 





mm 

\ 22 . k 

20.7 

1.6 

498 

503 

1073 

694 

590 

.353 

55.7 

8.23x1q4 

BBSS 












mnn 

MjffffjB 

7.5 

20.2 

BBfHl 

m 

HEM 

1 

1186 

852 

659 

.231 

36.5 

BBBBii 

9. 48x10 : 

| 


MfflB 











\mm 

20.0 

HRX9 

|| 

■n 

507 

1367 

1063 

746 

.148 

23.3 















■ 

7.5 

- 22.8 

21.8 



499. 

506 

1175 

844 

656 

.247 

38.9 

4.76x10^ 

1 .01x10^ 














7.5 

27.7 

26.0 

1.7 

499 

504 

1037 

672 

581 

.420 

66.2 

1.09x105 

1.72X10 1 





" " 1 











—Mai 

35A-, 

« i*0_ 

. 496 

_ 499. 

848 

564 

529 

.994 

157 

4.56x10 5 

4.09x1^ 














T g 


140.8 


... 4Q5 

4ofi 

8o4 

_ 544 

519 

1.42 

225 

ftnS a Yl0 5 

5. 86x1 J 4 








r 







n-M. 73^ . , 

■ 

39*3 

L_Ji94_ 

... 496 

qq^ 

537 

515 

3.7 

572 

4.65x10^ 

1.49X1C? 














IS 


24.4 

24,6 

495 

497 

972 

558 

526 

2.32 

354 

1.92xl0 6 

9o2xlo4 




! 

— ... ,j 










15 1 

32.7 

21.5 

Jl 

u.q 

495 

498 

1087 

L. . . . 

5^> 

j .541 

1.25 

187 

5=89s105 

4,87x1$ 







1 







15 

35.0 

30.6 

5.2 

496 

499 H55 

605 

549 

.921 

■ ... . .a . M 

137 

3. 32x105 

3.55x1$ 


*Sea Figure 6 tor £3fcsxi3©cai^lQ locations 


































NJ 



&So3 FjLgas?o 6 for thezmooovgle locations 
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TABLE 

B -6 

Hea 

.t Transfer Test Specimen R-40-1/4 

.1*01 L » .244 in. A = 2.5TxlO~ 3 ft 2 S a 1780 ft ’ 1 d - 9.05xl0° 4 ft n . 3.9 

PB 


IBM 


IDHE 

iiepm 

am 

T^.u' 

Tlm 


Re 

fRe 2 



im 

irpf« 


itm 

ISlH 

mm 

!■ 

IfflM 

llb/ft^ 
















0 

38 

28 

9.52 

524 





1.25 

191 

6 . 6 9 x 10 ^ 

HESSES 




BWH 










Q 

36 

ZL 

1 

oi 

IT 






182 


HRHK 





fl 








Bait -« 

0 - 

3g _ 

26 


II 

|| 




*992 

152 

4.26x10-* 

? nc v 1 rA 












■ • ‘•vAAv 

j *!7 JA-LVJ 

0 

- 35 

— 32 

2*85 

522 





.632 

96.8 

2.04xl0 5 

2.52x10** 














0 

31 

29— ... 

2.00 

522 



1 


.474 

72.7 

1 °9xI0^ 

1 .89x10** 














o 

_ 26 

—25 .... 

1*05 

— 52_1 





.268 

4l*l 

5.74x10** 

’■ a 

1.07x10 













d. ♦ v | Alv 

o 


24 

.87 




7\ 


.218 

33.5 

4.62x10** 

8 . 71 x 10 - 







' 







■ 





















i 









1 

l 









* 



i l 









- 



1 



— 

■ 






- 

























« 


&Ssq Figure 6 for thermocouple locations 
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TABLE b -7 Heat Transfer Test Specimen r-40-3/8 


Jr = .399 l = .407 in. A = 2.97xl0~ 3 ft 2 S » 1790 ft ** 1 d » 8.97x10"^ n = 3-9 




^dn 

A P 

DBH 

T mo 

T rviw 

T^ui 



Re 



IS 


Ins!) 

ipsil 

JS) 

(R) 

mm 

(R) 

tel 

(ib/ft* 

-sec.) 


| 

mmmm 





| 









0 

80 

n 

flESH 

wm 





2.78 

435 

hcsses 













1 


0 

61 

28 

32 

503 





1.99 

mm 

f. 

1.97x10° 

8. 15x10^ 



IMiwp 











0— 

43 

mi 

18 ... 

502 





1.24 

194 

8.32x10 5 

5.08x10** 














Q 

38 

23 

15 

502 





1.07 

168 

6.3&CL0 5 

4,39x10^ 














0 


23 

— IQjbJL. 

_ 503L— 





.808 

126 

3.93xl0 5 

3.31x10** 














n 

_ ja_ 

_J22.8 

7^0 

503 





.626 

97.8 

2.54x10 6 

20 56 x 10 ^ 














1« 5 

46 

30. 

16 

502 

.. 502 

_ 858 

571 

536 

1.26 

188 

7.25X10 5 

"v^HOO 2 ’ 















u g 

28 

13 

L .502 

502 

873 

579 

540 

1.07 

159 

5.32xl0 5 

4.16x10* 





1 









^_Xa5 


2i,S_ 

6*951 503 

503 

953 

626 

562 

.623 

89 .7 

1.99xl0 5 

2.35xlO l 




j 

— 




\ 

1 . 






? .CS 

^ n , . 

i — 22 

5a2_| 

_503L^ 

!._. 503 . 

989. 

“653^ 

1 -575 

.498 

70 0 9 

1.3xl0 5 

1.86S10 1 * 


1 


j 







, 



Z»5 

.-.35 

22 

2 0 8 1 

504 

504 

1067 

730 

610 

[ .317 

43.5 

5.78x10^ 

; I.l4xl0 2 


«Sqq Figure 6 for thenaocoi^le locations 
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TABLE B-7 Heat Transfer Test Specimen R-40-3/8 


f * .399 L =» .407 In. A « 2.97xl0 _3 ft 2 S » 1790 ft" 1 d = 8.97xl0~ 4 a * 3=9 


q 

ESI 

p dn 

A P 

DH3 

w 

T i^tw 


mm 


Re 

fRe 2 

Re/tfO . 30 : 

mm 

INI 




J ttL_ 

(R) . 

(R) 

IR) 

(ib/ft^ 

-sec.) 




mm 














23 .. 

21 

1.9 

mrm 

mm 

1153 

813 

646 


im 

3,21x10^ 

3 

7.97x10 

pip 









MEjjB 






2 ! 

1.6 

mm 

_ _504 

118 Q 

862 

B^9I 

.200 

25.8 

2.44x10^ 

6, 77x10 3 

1 













l 


21 

1.95 

504 

504 

1143 

707 

600 

mm 

mm 

4 

3.79x10 

8.72xl0 3 










HSHI 




7.5 

26 

23 

2.85 

504 

504 

1051 

724 

607 

.336 

44 

5 . 61 x 10 * 

1.1 5x10^ 















hi 

83 

41 

4l.l 

501 

501 

776 

538 

519 

2.72 

4i6 

3o26xl0 6 

1 . 09 xl 0 5 


- 












15 

_Sl 

4l 

4i 

501 . 

501 

1008 

571 

535 

2.72 

4o8 

i 

O 

« 

on 

l.OTxlO 5 














15 

67 

36 

30 

501 

—501- 

1059 

588 

543 

2.06 

306 

i.78xio 6 

8.01xlo4 








'4 






15 

-43- 

- 27 

15.5 

.501 

501 

1167 

644 

570 

1,14 

I 063 

5.58x10 5 

4 .28x10^ 

- ■ 













- 15 | 

_ J2 

... 24 - 

i 

a^J 

502 

502 

1299 

710 

600 

.697 

96.9 

2.15x10^ 

2.54x10^ 




i 

i 









IS 

L3Q_ 

U-^3- ■■■ ■ 

6.1 

. 503 .. 

50 3 

I 367 

744 

-616 

a qqg 

75.2 

1.39xl0 5 

1.97x10^ 




n 

r 




I 





__ ii_ 

27 23 

3.45 

504 

504 

1506 

874 

672 

.367 

47.2 

6.07x10^ 

1,24x10^ 


*See Figure 6 for themocouple locations 
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TABLE B-7 Heat Transfer Test Specimen R40“3/8 


/ 


= .399 L = .407 in. 


“3 2 

2.97x10 ft 


S 3 1790 ft 


-1 


a 3 8.97x10 


<4 


n = 3.9 
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TABLE b- 8 Heat Transfer Test Specimen ft=40~l/2 

/a ,408 L a A92 in. A a 2.45xl0” 3 ft 2 S a 1770 ft” 1 d a 9.31XlO“Sft n a 3.9 


q 

• - 

E^HBI 

p dn 

A P 







Re 

Wmm 




Xpsil 

ipsil 

(R) 

fR) 

(R) 

m ... 

fR) 

(lb/ft^ 
-sec . ) 

















0 


HE9I 

46 

504 





3.57 

578 

3.78sao 6 

JU47x10 5 














0 

.79 — 

. 39 

■Ml 

505 






488 ._ 

g 

2*91. xlQ_. 

1.24x10 5 














0 


. 37 

■ 

33 

506. 





2.56 

4i4 

g 

2^lkxlQ_ 

1 o 06xl0^ 






' 








0 

-47 _ 

_ . 29 

18. 

504 





1.54 

248 

fLMjOQ 5 - 

6.34x10^ 














0 

44 

. 29 

16 

504 





1.39 

225 

7.285S10 5 

5.74x10** 














__n_ 

42 

28 

14 

504 





1.26 

205 

6.08xl0 5 

5 .22x10** 








'jf 

'V?* 






5 

38.9 

33.6 

5*7 

500 

501 

906 

616 

556 

.715 

108 

2,023c105 

1 

l5s 

• 

CXJ 














7.5 

36.5 

_ 32*3 _ 

4.6 

501 

504 

.... 937 

639 . 

...561 _ 

.604 

90.3 

i.493ao 5 

— T~ 1 

2.3xl0 4 














7.5 

32.8 

29.7 

3.4 

502 

506 

994 

683 

587 

.461 

67.2 

9.l3d.O^ 

1.71x10** 




1 1 

. . .... 



1 





, M - 

28.2 

26.4 

2.2 

505 

1 

508 


779 

•632 i .293 

40.8 1 

4.38x10^ 

1.04xl0 4 









1 




7.5 

26.9 

25*4 

1.9 

505 

508 

1165 

842 

659 1 .248 

33.5 

3.28x10^ 

8.55xl0 3 


^Sea Figure 6 for thermoccraple locations 
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TABLE B-8 Heat Transfer Test Specimen r-40-1/2 

/“ • 4o8 L 33 *^92 in. A = 2.45xl0" 3 ft 2 g =» 1770 ft’ 1 d = g.Bixio’V n = 3.9 




p dn 

4P 

H 

T mo 

T mw 

Tt*u, 

mm 


I Re 

fRe^ 


ingfl 


R 

iRim 

n 

\mm 

IH 

IIH 

mm 

(g|g2 

mam 



MSB 

lmm 












1 

25.3 

24.1 

1.6 

506 

509 

1247 

927 


mm 

^^9 


6 ,48x10 3 

SB 

IISI 



\wm 

11 ^— 

BB 


mm 

\mmmm 

II 

658 

oko 



SB 

M 



1 

| 




— -VjfV, „ 




■ 

28.4 

26.2 

w 

1 

- 508 

1118 


mm 

_pAq 

4o 

mm 















- 7.5 

— 3X_»4 

—28*5 

—2.8 

504 

507 

1041 

na__ 

— 605 J 

— »4o6 


&jmd - 

1.48x10^ 

_id_ 

a — 

38 

33.3 

4.6 

501 

. 504 

943 

638 

567 

.618 

92.2 

1 3v1 









/V 





.^3gXlO_ 

—is 

86 



- **5 

— m 

518 

-936 

588_ 

- 552 

3.32 

-105 

VO 

0 

1 
^ cy 

1.29X10 5 

15 

66 

34 

32 


518 

995 

608 

562 

2.40 

36l 

1.52x10^ 

0 Pi vl <y* 





r — 








7 •CJLaIV/ 

— 15L 


28 

- 18 j 

516 

- ,517 

1090 

V 653 

582 

1.46 

oik 

C 

5 .46x10^ 











- - . 


J iTVAiy 

15 

40 

26 

14 

517 | 

518 

1154 

677 

593 

1.16 

168 

? OI vl 

h 0-1 ^ 




— ■ - - i 

— 







. j .V-LX-LU 


15- j 

-Jfe- 

25 

1 ^ ■ 

8.8 j 

-117 

- 519 „ 

1253 

7^2 

6l4 

.820 



|l 

— 



' 1 - 








.... 

2.99x10 

15 

38 

33*6 

4.8 

517 

520 

1352 

790 

644 

.616 

84.5 

L.2M.0 5 

2.16x10^ 


*See Figure l6 for thermocouple locations 
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TABLE b- 8 Heat Transfer Test Specimen R°4 ckl/2 

/ = 4,08 L a ,492 In. A a 2.45xlO" 3 ft 2 S - 1770 ft" 1 d => 9.31xlO~^ft n » 3*9 


q 

ESI 

Pan 

Ap 


j 

ESHB 

Ft^ 

BW 

l 

Re 

fRe 2 


mm 

Jsfii] 

XbsJJl 

(pgj) 

I 

him 

m 

IH 

B 









piM| 





Mhi 




— Q__ 



6 

1 

1 






MjMppn 

2.97x10**' 



wsw 

1 

| 





■gS 


r“ 


- 0 

n -30^7 l f *J LMMi- 


1 

1 

lUpi 




.666 

308 


L 

2-75x10^ 














0 

'27 

23.5 

■a 

504 





.499 

80.9 

l,lxlo5 

2o06xK> 














Q 

g^a 

L-g^8_ 

jUP 






.351 


5 q 64x10^ 

77~g 














__ 





j 







1 
















- - 


























__ 

_____ 


- 















Ir - , 


r " 





=== _____ 



1 






' ' 

' 

















H" 1 "** : 













? 




j 

, 





j 













■ 

— i 


" 





-- 








“ — 


















Figure 6 for fchezaaoco^le locations 
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TABLE B-9 Heat Transfer Test Specimen S-20-3/8 

f 3 .2118 L 3 .369 In. A » 2.91x10“ ^ ft 2 s 3 7102 ft” 1 d 3 1„ 19x10"^ ft n 3 3.8 


1 

E9 

p dn 


mu 

T mo 

mu 


mm 


Re 

fRe 2 


mm 

imm 

HUH 

ibRsi 

I 

ism 

ISM 

ISM 


|£E£S| 





WKHM 


IWM 

■MW 




jgM 


1 



Q - 


. — 38 

BPS! 

BBSS 





4.22 

83.6 

2.01X10 6 

7 . 52xl0 4 


1 

.■MSB 

MUM 










Q- 

BPSM 


1 






mm 

66.1 

— 

1.36x10 

5*95x10^ 




pipBi 

PMI 

- - 








0 

460 

—29 

H&9 

HSU 


•1 



2.11 

41.7 

6.06x10^ 

3.75x10^ 














0 

?sa_ 

^ . 35 

.263 

_ 535 





1.25 

24.8 

2.54xl0 5 

T 

2.23xKT 














0 

268 

-M , 

234 

535 





I0O9 

21.6 

2.06x10^ 

1.94xl0 4 














0 _ 

211 

31 

180 

534 





0 

CD 

O 

V* 

16 

1.27X10 5 

1.44xl0 4 














Q 

___AI3L_ 

„--29 I 

145 

533 





0618 

12.3 

8.62xl0 4 

l.llxlO 4 














Q 

l£5_ 

—29 

1311 

532 


r 



.578 

11. 5 

7O87X10 4 

1.04xl0 4 


! 







1 



— 


Q 

146 

28 


531 1 





<>493 

9*85 

6.16x10^ 

3 

8.86x10 




1 





1 

! 



h ■ ■■ 


0 

121 

_32 

90 1 

530, 



— 

] 

o371 

7*43 

4,09x10^ 

6.69x10- 


J 

> 

i 

i 

l-r-i -r- ■ 1 - rj 








L_ 


0 

99 

30 

69 l 

.530 





.270 

5.4 

2 o&kLO 1 * 

4.86x10^ 


■»See Fignre 6 for thexmoeoi^le locations 


tLJg 
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TABLE B-9 Heat Transfer Test Specimen S-20-3/8 


= .2118 L = .369 In. A - 2 .91x10" 3 ft 2 S * 7102 ft" 1 d = 1.19xl0 " 4 ft n » 3*8 



mm 

p dn 

mm 

BH 

BHBI 

l 

Taw 

Tlm 

B 

Re 

fRe 2 

Se/CfO-?) 5 


KKni 


RBffH 

IH 

■EM 

RSI 

asm 

IBM 





HUH 

HIM 












wtm 

ttzH 

21— 

77 

533 

& 

tr\ 

920 

871 

688 

.274 

4.62 

EBBSE8 













HIM 


— 7-5— 

. — 93— 

— 3Q 

— -68 



Ml 

929 

E5M 

mm 


HBS 

sSRSRfRi 


■ 



| 

1 

ES 


|| 





1*5_ 

IKS 

28 

5L_ 

mm 

HSU 


n44 

799 

.136 

2.07 

7.4xl0 3 

1.87x10 3 














—h i_ 

100 

22— 

70 

529 

526 

951 

907 

T01 

.234 

3.90 

1.43x10^ 

3.51x10- 














— 7-5 — 

— 17 k 

32_ 

l4k_ 

529 

- 526 

J93_ 

_ 701 

611 

.584 

10.7 

6.42xl0 4 

9.6lxlO : 














— %*$ — 

— £Sff 

30 — 

- 268 

— 533 

530 

.727 

629 

580 

1.26 

23.8 

2.l4xl0 5 

2.14x10** 














15 

— i ISO— 

3Z 

7§5, ..j 

‘ 538 

^535 

-7 t Q6 

.... 619 

S78 

4.12 

78 

1.65x10° 

7 .02x10** 










' 




-05 

612 


582 

538 

535 

833 

644 

589 

2.92 

54.7 

8.8xl0 5 

4.92x10** 














15 

44o 

30 

4ll 

537 

534 

871 j 

678 

605 

1.96 

36.1 

4.26x105 

3 .25x10* 




| 










15l— j 

3-Q2_ 

30— 

212. 

535 

— 533, 

928 

734 

629 

1.26 

22.6 

1 . 82 x 10 5 

2.03xlo1 



► 











—15 

- jr 

32_ 

236 

. 535 533 

960 

762 

642 

1.06 

18.8 

1.34xl0 5 

1 . 69 x 10 ^ 


♦See Figure 6 for thermocouple locations 























d = 1, 19x10" Vt n = 3.8 


Specimen S-20-3/8 
i“ 3 ft 2 S = T102 ft -1 
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TABLE B-10 


fi 


Heat Transfer Test 


Specimen S~30»3/8 


.319 L » *375 in. A => 2o92xL0" 5 ft 2 S « 6650 ft -1 d = 1.92xlO’ Jl 'ft n a 3*8 


.6 


43.8 


68.9 | 38.8 29.T 513 


■ UJ I LM 


513 997 I 704 


1056 


.240 | 7.90 1. 05x101 2*62x1 


.490 I 14.5 1 1.93x1 


63 


1.21x1 


513 

514 

1130 

840 

663 

.265 

7.38 


26*1 12 


47.8 


33.5 20.2 514 


s-See Figure 6 for thermocouple locations 


1.44x1 


1112 

775 

.145 

3.64 


5 

1257 

832 

.121 

2.89 


16.7 j 

iai* 

516 

1175 

900 

689 j 

.226 

6.12 


813 

652 

.300 

8.44 
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TABLE B-10 Heat Transfer Test Specimen 3=30-3/8 


* .319 L = .375 in. A a 2.92xlcT 5 ft 2 s a 6650 ft" 1 d a 1.92x10"^ ft n a 3.8 


m 

mm 

p dn 

A P 

BN 

T 7*0 



w 

mm 

Re 

fRe 2 

Se/CfO-?): 

jgg 

im 


IHlfB 

BSSH 

RSII 

ISH 

mm 

RSI 

“SPG * ) 






| 











If 

72.5 


31.5 

513 

514 

987 

693 

598 

.524 

15.6 






1 ' — 








II 


,..._JL5 J 

_8 a*6— 

-44.5 

_ 43.5 - 

- 513 

514.. 

1296 

1 


1 

21.0 

4 

3.19x10 

6.98xl0 3 




|| 





■gB 





15 

75.0 

4l*L_ 


RBWH 


1 1 

865 

674 

.538 

14.8 

1.82x10^ 

4.91X10 3 














15 

70.2 

39.5 

30.4 

514 

515 

1519 

999 

730 

.476 

12.4 

1.29x10^ 

4.12x103 














—15 

— $I«g— 

35.8 | 

25.0 

515 

517 

1625 

1064 

756 

.363 

9.25 

8.68x10** 

3.07xl0 3 














—.15 

55 tl 

31»i.. 

21.6 

.515 

517 

1731 

1312 

852 

.286 

6.72 

5,l3xl0 3 

2.23x103 















47.8 

29.6 

17*2__ 

516 _ 

- -521 _ 

1826 

1792. 

1025 

.193 

4. 

2.38xl0 3 

1.33xl0 3 














15 

—51 

...31t5 ... 

19.1 

517 ... 

... 520 _ 

1689 

1304 

851 

ro 

5.5 

4.26xl0 3 

1.82xl0 3 

a 











_ 



57.6 

34.7 

22.6 

516 

520 _ 

1519 . 

1059 

755 

.319 

8,14 

7.49xl0 3 

2.70xl0 3 




i I 

| 








IS j 

74.7 

| 41*7 

; 

515 

! 517 . 

1294 

_826 

658 

-5T1 

i4.8 

1.88x10** 

4.92xl0 3 














0 

82.7 

LjBjL. 

b 43.7 

. S3 . 





.705 

23.1 ! 

4.59x10^ 



7. t 67xl0 3 


»S®e Figure 6 for thermocouple locations 
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TABLE B-10 


Heat Transfer Test 



# See Figure 6 for thermocouple locations 


d a 1.92x10 


n » 3»8 


Specimen S-30-3/8 


5 ft 2 S x 6650 ft” 1 


-4 


T^yy, 


m 

Re 

fRe 2 


H 

(R) 

(lb/ ft 2 * 











SIBSB 

18.2 

3.25x10^ 

6.03xl0 3 









mm 

1 

9RIR9 

4. 47x10 3 










nm 

5.QQxio 3 

”~ in 3 



ggl 


























































































p — 
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TABLE B-ll Heat Transfer Test Specimen C-lO-l/4 


^ » .110 L s .24? in. A = 3*o6xlO~ 3 ft 2 S = 11500 ft” 1 d = 3.83xlO~ 5 ft n = 2.8 


* - 

BBB 

p. 

< 

5 

P* 

EHS 

T mo 



BHKSVI 

Re 

0 

fRe 2 


BBHitI 

IfISH 

IRl 

fosi^ 

(osi) 

nsB 

I5HI 

RUH 

(R) ... 

(R) 

Wftf 
















| 

, 0 

■a 

38 

802 

1 





.922 

6.02 

2 . 08 xl 0 5 

EBSISB 














0 

607 

35 

574 

515 





.642 

4.21 

i.imo5 

2.8ixio 3 

i 











.. -- _ 

| 

— • 

0 

wm 

34 







.563 

3.69 




1 


| 










0 

463 

33 

431 

515 





.468 

3.06 

6.4x10*" 

2.04xl0 3 














0 

362 

31 

331 

515 





.349 

2.29 

4 

3*9x10 

1.53x103 




— — 1 




j 






7>5 

AP4 

\\ 

7<55 

515 

513 

_ 732 

.... , 

630 

570 

.846 

543-- 

1 . 62 xl 0 5 

3 . 47 XIO 3 














7*5 

6ls 

2Q 

588 

515 .... 

513 

758 

668 

588 

■579 

3.48 ^ 

8.4x10*" 

2.32xl0 3 














7.5 

540 

28 

514 

515 

514 

781 

693 

600 

.490 

2.91 

6.19x10*" 

1.95xl0 3 


— 1 












7.5 

445 

26 

420 

515 

I 514 

8l4 

734 

618 

.372 

2.17 

3.91x10*" 

1.45x10- 






1 









| 355 

31 

324 

515 

514 

871 

. 783. , 

644 

.258 

, IM _ 

2 . 25 x 10 *" 

9 . 76 x 10 s 


i 












T»5 

i 311 . 

30 

282 

515 

516 

922 

854 

670 

L 

1.12 



1 . 58 x 10 *" 

l*&34Pg 


«See Figure 6 for thermocouple locations 
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TABLE B-ll Heat Transfer Test Specimen C-lO-l/4 


= ,110 L a .247 in. A a 3.o6xlo“ 3 ft 2 s * 11500 ft " 1 a = 3.83x10“ 5ft n = 2.8 


1 -1 

£up 

^dn 

A P 



mm 




Re 

fRe 2 

Se/c f(t-f)3 

uSmc) 

(nail 

(nsl) 

(psI) 

Jr) 

m 



M 

(lb/ftf 

-SftC - 1 






WbBBR 

Mi 


11 








mm 



IpsfM 

E9 

mm 

II 

997 

730 

1 



4.03x10* 

piM 













ElM 

325 


1 

515 

517 

911 

829 

660 

.225 

1.26 

BtSSSl 

8.4xl0 2 


1 


| 











7.5 

1 



WSSk 

m 

. 516 _ 

■SSI 

ESS 1 

6o4 

R3S 

2.72 

BSBS 

IR 














-JU 5 

_59fi 



571 

—515 

516 

772 

677 

592 

-565 

3.38 

7.80x10** 

g .gfixio- 














-jj— 

828 

31 

800 

515 

516 

914 

732 

617 

.808 

4.71 

1.36x105 

3.15x10? 

... , 













is 

664 

- 29 

—£36. 

515 

. 515 

966 

794 

644 

.597 

3.39 

7.91X10 14 

2 . 26 x 10 ? 














—15 

587 

28 

560 

.516 _ 

516 

1010 

846 

667 

.498 

2.76 

5.7x10** 

1.84xlC? 














- 15 | 

474 

26 

448 

516 

516 

1095 ' 

942 

709 

.350 

1.87 

3.24x10** 

1.25x10? 



i 











—15— , 

402 

j-32 

370 

516 

j 517 

H89 

1032 

744 

.255 

1.31 

2.06x10** 

8.7Txl<£ 



r 

! 

! 1 

1 

. 








15 

345 

30 

315 

516 

519 

1257 

1128 

782 

.194 

.967 

1.35x10** 

6.46xl(? 





j 

1 








15 

Lj08_ 

-2j_ 

280 

518 521 

1327 

1208 

815 

! .157 

" ' 1 

.760 

9.78x10- 

5.08xlC^ 


*See Figure 6 for thermocouple locations 
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See Figure 6 for thermocouple locations 


Specimen C-lO-l/4 
'"3ft 2 s „ 11500 ft 


d = 3 . 83 x 10 "' 5 ft n = 2<>8 




it* 


m 

Re 

fRe 2 

Ke/[ so-f)l 

1 

IBM 

mm 

USER 




1 

mu 






EM 

IM 

862 

MM 

MM 

6.48xl0 3 

3.34xl0 2 








|IB 

.BH5S9I 

mm 

Ipt*si 

1.18 

1.57x10** 

7 »86xl0 2 

| 

|| 






IBS 

■RSI 

644 

.628 

3.56 

[j fly 

2.38xl0 3 

Ml 

| 




■ 


5S 

M 

MM 

KM 

m m 

1.36x10 5 

3.4lxl0 3 











.255 

1.67 

ssis 












.228 

1.49 

r 

1.98x10 

9.95xl0 2 











mm 

1.28 

BBS 

EBStE 







| 




MM 

B9. 

SBBM 





|| 

II 

II 

mMi 




.107 

.7 

6. 28x10-3 

4.68xl0 2 










" 1 



' 
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TABLE B-12 Heat Transfer Test Specimen 020-1/2 


f » *199 L = .501 in. A » 2.99x10"%^ S = 10500 ft“ X d = 7.6xlO~ 5 ft n = 2.8 


in 

mm 

P<in 



w 

w 


Cl 

1 LM 


Re 

fRe 2 


11 M 8 

ISP# 


0S1181 

m 

m 

m 

\mm 







EMUS i 













_a_ 

W' k 'm 


L_ 792 

— 5£3_ ... 





2.55 

32.7 

ES BWPE 

5.6x10 s 


1 

| 

mm 








| 


. Q 

1 

n 

kx 

_522 





1.22 

15.7 

IXUS 






Ml 








■ ■ 

0 


35 

BSSB 

1 





1.04 

13.4 

9.06x10^ 

0 0 3 













■ 1 w^r^gVVlc-7n-»-M 

0 

-3Q4 

_ 3g— _ 

gfJ:.. 

522 




" "■! 

.789 

10.2 

5.74x10^ 

1.75xl0 3 






rr . 








0 

_236 

_22_ 

206 

522 





.575 

7.4 

3.43x10* 

1.27x103 














0 

232 

30 

203 

522 





.562 

7.24 

3.3kxl& 

1.24x10 3 















^-0. 

122 

28 

164 

522 





.445 

5-73 

2.26x10* 

9.82x102 














^-Q . 



99 1 

522 





.262 

3.37 

1.033CL0 1 * 

O 

S.TftxlO 














0 

112 

31^ 

_8L- [ 

522 





.208 

2.67 

7.24x10- 

4.58xio 2 




j 

— i 










_o_J 

— 95 

— 3Q_ 

65 | 

— Igg _ 





.161 

2.06 

_5,lxl0^ 

3.53xl0 2 

_ 













0 

75 

28 

47 

522 





.107 

1.38 

3.03x10- 

2.36xl0 2 1 


■J^See Figure 6 for thermocouple locations 
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TABLE B-12 Heat Transfer Test Specimen 0201/2 


= .199 L = .501 in. A * 2.99xl0" 3 ft 2 S =* 10500 ft -1 a - 7.6xl0“ 5 ft d a 2.8 



PH 

cm 


cs> & 

T mo 

IB— 


mm 

llflBl 

Re 

fRe 2 

■■H 

■PR 

.inm 

RRIH 


_Lal 

jfe) 

(R) 

(R) 

mm 

tastaa 














- L 


— 

7.5 

800 

.KIR 

1 

523 

522 

725 

615 

568 

2.44 

29.7 

3.32x105 

5.1x103 



1 

1 

| 









7 , ? 

666 

R| 

EPI^Kf 

■ill 

.522 

BS9R 

1 

mm 

■PI 

23.4 

2.19xl0 5 

4.01xl0 3 














7.5 

H 

26 

405 

522 

522 

774 

670 

593 

1.17 

13.9 

8.6 7 xl0 4 

2 , 38xl0 3 














7.5 

303 

26 

278 

522 

523 

803 

712 

612 

.741 

8.59 

3.99X10 4 

1.47x10 3 







p 







7_Jl5 : 

- 258 1 

— 35 

2£1„_ 

522 

526 

_8^6 

712 

612 

.590 

6.86 

2 . 85 x 10 4 

~ — 2 

1.17x10 














7 . 5 — 

229 

33 

196 

522 

529 

865 

738 

624 

.494 

5.67 

2.15x10^ 

9.7ixio 2 
















—118 

29 

150 

522 

— 546 

940 

813 

657 

.327 

3.63 

1.15x10^ 












1 



—7.5 

—151. _ 

_2I 

2SL-1 

522 

577 

1020 

894 

691 

.232 

2.49 

7.30x103 

4.26xl0 2 














1*5— 

—135 

26 

1Q9— 

— 522J 

606 

IO85 

956 

717 

.180 

1.89 

5.4lxl0 3 

3.23x10 s 




i 










_ HI-.. 

3P— 

81 j ?gg ! 

-890. 

. 1200 

1060 

-760 

.107 

1.08 

3.0lxl0 3 

1.85x10 s 




1- , 









Ia2 

l4l 

33 

108 | 522 

584 

1022 

882 

686 

.216 

2.32 

6.30x103 

3.99x10 s 


*$ee Figure 6 for thermocouple locations 
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— - 

TABLE B-13 Heat Transfer Teat Specimen C“30=l/2 

/ a .300 La .494 in. A = 2.70xl(f 3 ft 2 s = 9790 ft” 1 d * 1,23x10“^ n * 2.8 


q 

-Pass q 


^dn 

A p 

E 

T fsio 

BBBm 


ES 

. 

Re 

fRe 2 

Eppppi 

TS55 


ImII 

fpsl) 

ffm 

(si . 



(R) 

_(R) 

( Tt/rtf 

~sec-J 



■ 1 














0 

_£2 

_22 , 

36 

521 





.235 

4 088 

5.88x10 3 

3,85x10^ 





mm 





— 




- Q 

SI 

2Q 


iBPBi 





mm 

3-09 

3o26x10 3 

2,44xl0 2 







MW 







7.S 

644 

—M 

-jgr., - 

539 

mm 

mm 

1 

mm 

4.75 

94.6 

6.32x10 5 

7 ,46x10 3 



, ■ ■ 











1*5 


_=J 2 | 

550 

541 

538 

872 

582 

561 

4.30 

85.3 

5.13x10 5 

1 >■ - 

a73Xl " 














T -5 j 

498 

33 

467 

540 

538 

892 

586 

563 

3.59 

71.1 

3.72xlo5 

5«6lxl0 3 

^ « 













JL*5_J 

=356 

31 

325 

540 

— 537 

918 

597 

568 

2.43 

47.8 

l.gjxlO 5 

3.77x103 














Ii5__ 

218 

29 

191 

537 

533 

962 

630 

582 

1.32 

25.6 

6.53x10^ 

2.02x10- 














T»5 

196 

28 

170 

533 

531 

972 

643 

586 

1.16 

22.3 

5 0 2x10^ 

1.76x10- 














1*5 

134 

£ 

102 

532 

. 533 

1032 

718 

620 

.659 

12.3 

4 

2,05x10 

9.68x10 s 




j 










7.5 

121 

32 

* j 

531. 

535 

1062 

754 

636 

t 

9 

VJl 

10,2 

1.57x10^ 

8,00x1? 




J 







| 



7.5 

100 ; 

29 

74 1 

530 

547 

1138 

834 

670 

.391 

6.92 

9»55xl0 3 

5 .46x10* 


°See Figure 6 for thermocouple locations 




















S' 91 



•»See Figure 6 for themocouple locations 
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TABLE B~13 


Heat Transfer Test 


Specimen C- 30-1/2 







THE FOLLOWING PAGES ARE DUPLICATES OF 
ILLUSTRATIONS APPEARING ELSEWHERE IN THIS 
REPORT. THEY HAVE BEEN REPRODUCED HERE BY 


A DIFFERENT METHOD TO PROVIDE BETTER DETAIL 



